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ABSTRACT 
The nonrandom distribution of retrotransposons and retroviruses in their host 
genomes suggests that they actively select integration sites. The integration site specificity is 
particularly strong for retrotransposons, which rely on their host to persist and may use 
targeting to avoid disrupting important host sequences. This is the case for the yeast Ty5 
retrotransposons, which preferentially integrate into domains of silent chromatin at telomeres 
and the HM loci. Loss of silent information regulator three or four (Sir3p or Sir4p) — 
components of silent chromatin — causes a greater than nine-fold decrease in Ty5 targeting to 
the HM loci and largely randomizes chromosomal integration patterns. Loss of Sir4p also 
causes a ten-fold increase in cDNA recombination, which is due to the expression of a/a 
mating-type information and the absence of Sir4p. It is known that in old yeast cells or in 
strains carrying the sir4-42 allele, the Sir complex relocalizes to the rDNA. About 26% of 
Ty5 insertions occur within the rDNA in sir4-42 strains compared to 3% in wild type. Ty5, 
therefore, is sensitive to changes in chromatin, indicating that retrotransposons may be useful 
for understanding chromatin dynamics during developmental programs such as aging. Based 
on the evidence that silent chromatin and Sir proteins are important for Ty5 target specificity, 
two-hybrid assays were used to test the interaction between integrase and Sir proteins. 
Interaction was detected between the Ty5 integrase C-terminus and the Sir4p C-terminus. 
This interaction was greatly reduced by mutations that abolish target specificity. 
Furthermore, the targeting domain by itself is sufficient for the interaction, although it occurs 
at reduced levels. The Sir4p interaction domain was narrowed down to amino acids 971 to 
1237 through serial deletions. Two amino acid residues, tryptophan 974 and arginine 975, 
were identified as critical for the interaction. Tethering the SIR4 C-terminus to non-silent 
chromatin creates Ty5 integration hotspots, suggesting that the interaction between integrase 
and Sir4p is the driving force behind Ty5 target specificity. These findings may make it 
vii 
possible to do site-specific genome manipulation and to develop better gene therapy vectors, 
whose integration sites can be controlled. 
1 
CHAPTER I. GENERAL INTRODUCTION 
Transposable elements are discrete DNA segments that can insert into non­
homologous target sites of their host's genome (Berg and Howe, 1989). Such autonomous 
mobile elements are remarkably abundant, having been found in virtually every genome 
examined. Through insertion, deletion, and homologous recombination, transposable 
elements are involved in a wide variety of biological processes, including genome 
reorganization, regulation of gene expression, and telomere maintenance. Based on their 
mechanism of propagation, transposable elements can be divided into two major classes. One 
class is DNA transposons, which mobilize by excising an existing element from one 
chromosomal location and inserting into a new location within the host genome. This "cut 
and paste" process is carried out by transposases, which are generally encoded by the 
elements. DNA transposons are characterized by the presence of two inverted repeats 
flanking a DNA sequence encoding the transposase. They replicate along with the 
chromosomal DNA via the host replication machinery. The copy number of DNA 
transposons can be increased by excision of elements from the chromatids behind the 
replication forks and insertion into chromosomal sites in front of replication forks. Examples 
of DNA transposons include the maize Ac elements and the Drosophila P elements (O'Hare 
and Rubin, 1983; Pohlman et al., 1984). 
The second class of transposable elements is retrotransposable elements, which 
replicate by reverse transcribing an mRNA intermediate (Boeke, 1989; Weiner et al., 1986). 
The elements encode their own replication machinery, the reverse transcriptase, which has 
RNA-directed DNA polymerase function. Retrotransposable elements can not excise 
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themselves from the chromosome. They are transcribed into mRNA and then reverse 
transcribed into a double-strand DNA intermediate, which can be inserted into the host 
chromosome. Based on the absence or presence of long terminal repeats (LTRs) and the 
mode of replication, retrotransposable elements can be further divided into two groups, LTR 
retrotransposons and non-LTR retrotransposons (or retroposons) (Xiong and Eickbush, 
1990). Many of the non-LTR retrotransposons have a short poly (A) tail at their 3' end. Non-
LTR retrotransposons are a very diverse group of retroelements and include the long 
interspersed nuclear elements (LINE) 1(L1) found in all mammalian genomes (Hattori et al., 
1986), the I factor (Fawcett et al., 1986) and R2 (Jakubczak et al., 1991) in D. melanogaster 
and the group II introns in fungi (Kennell et al., 1993). LTR retrotransposons are similar in 
structure to retroviruses, in that they have long terminal repeats at both ends and encode a 
reverse transcriptase. The term retroelement is generally used for all DNA insertion elements 
that encode reverse transcriptase, including non-LTR retroposons, LTR retrotransposons, and 
retroviruses (Eickbush, 1994). 
Retroviruses and LTR retrotransposons 
Retroviruses are the most extensively studied retroelements because of their role in 
cancers and immunodeficiency diseases (such as AIDS). All retroviruses have a relatively 
homogeneous genomic structure and are evolutionarily related, despite their presence in a 
wide variety of hosts and little nucleotide sequence identity (Eickbush, 1994; Varmus and 
Brown, 1991). For comparison, the integrated DNA forms of the retroviruses and LTR 
retrotransposons are shown in Figure 1. Retroviral RNA genomes are diploid, and two 
Retroviruses 
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Figure 1. Structural comparison of retroviruses and LTR retrotransposons. The 
consensus structures for each group are shown for comparison. The integrated DNA 
forms are shown at the top. Open boxes with black filled arrowheads represent long 
terminal repeats (LTRs). The open reading frames (ORFs) for each group of elements are 
shown below the DNA form as a series of boxes. Boxes at the same level indicate the 
ORFs separated by stop codons and boxes at different level indicate the ORFs in 
different open reading frames. For retroviruses, only the maj or genes, gag,pol, and env, 
are shown here. Additional genes found in some retroviruses are not shown. For LTR 
retrotransposons, the ORFs are numbered. Shades boxes within ORFs indicate functional 
domains: NC, nucleocapsid protein; PR, asparate protease; RT, reverse transcriptase; RH, 
Rnase H; IN, integrase. 
identical viral RNA subunits are assembled in a hydrogen-bonded complex that includes host 
tRNA. The RNA subunits have terminal direct repeats, called R, at both ends. The R region 
is necessary for DNA strand transfer during reverse transcription (see below). 
Retroviruses. Retroviruses have three major genes, termed gag, pol, and env, which 
encode proteins important for the replication cycle. The gag gene encodes a polyprotein that 
is processed into a series of low molecular weight structural proteins that assemble into virus 
particles. Retroviral gag proteins usually have one or two highly conserved nucleic acid-
binding (NB) domains located near the carboxyl terminus. The NB domains consist of a 
series of conserved cysteine and histidine residues with the sequence CX2CX4HX4C (where 
C, cysteine; H, histidine; and X, any amino acid) and are responsible for binding the RNA 
(Berg, 1986). The pol gene encodes a polyprotein that is processed into several enzymatic 
proteins. One of the proteins is an aspartate protease (PR) that is responsible for 
proteolytically processing the primary translation products of gag and pol protein into a 
series of mature proteins. This protease domain is located at the beginning of the pol protein 
in most retroviruses or at the end of the gag gene or as a separate gene between gag and pol. 
The pol protein can be processed into two other enzymatic proteins, reverse transcriptase 
(RT) and integrase (IN). RT functions both as an RNA-directed polymerase and as an RNase 
H (RH); the latter activity is responsible for removing the RNA strand of the RNA-DNA 
heterduplex produced by the reverse transcription. RH is located at the carboxyl terminus of 
RT. IN binds the double-stranded cDNA made by reverse transcription and is responsible for 
the integration of cDNA into the chromosome of the host cell. 
The pol gene is either in a different open reading frame from the gag gene or in the 
same open reading frame as gag, but separated by a termination codon. The gag and pol 
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genes are generally transcribed into a single mRNA. The pol gene does not have an initiation 
codon, thus its expression is dependent on either frame-shifting or read-through of the 
termination codon between the gag and pol genes during translation (Jacks et al., 1988; 
Yoshinaka et al., 1985). Because frame-shifting or read-through suppression is not efficient, 
the gag-pol fusion protein is made at a level 10- to 20-fold lower than gag protein. This 
results in the correct stoichiometry of structural and enzymatic proteins for forming viral 
particles. 
The third gene, env, encodes proteins that enable the retroviruses to be infectious 
(Brown and Varmus, 1989). One env protein interacts with the host cell receptors, mediating 
virus entry. A second transmembrane env protein mediates the fusion of the viral and host 
membranes. The env proteins are translated from an mRNA generated from splicing gag and 
pol genes out of the full-length RNA transcript. Retroviruses sometimes express other 
proteins from the differentially spliced products of the same RNA transcript (Varmus and 
Brown, 1991). These proteins are highly variable among different retroviruses. They regulate 
pro viral expression by controlling the expression of both viral and cellular genes. 
Retrotransposons. LTR retrotransposons are structurally similar to retroviruses. 
They are remarkably widespread and abundant in eukaryotes. The most extensively studied 
retrotransposons are Ty 1 and Ty3 in S. cerevisiae (Farabaugh and Fink, 1980; Hansen et al., 
1988), and gypsy and copia in D. melanogaster (Fouts et al., 1981; Marlor et al., 1986). The 
order of RT and IN in the pol protein separates the LTR retrotransposons into two families: 
the Ty 31 gypsy family and the Ty 11copia family. The Ty "higypsy family has a remarkable 
resemblance to retroviruses in their gene organization, with RT preceding IN. However, most 
Ty 31 gypsy elements have only two ORFs, except for some gypsy-like elements found in 
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insects, worms, and plants, which contain a third ORF. Most Tyl/copia elements have a 
single ORF, which encodes the same products as the first and second {gag and pot) ORFs of 
retroviruses and Ty3 ! gypsy elements. The order of the enzymatic domains is different in 
Tylfcopia elements, with integrase preceding the reverse transcriptase. Tyl of S. cerevisiae 
has two separate ORFs for TYA (gag) and TYB (pol) proteins. 
The replication life cycle. The retrotransposition mechanisms used by retroviruses 
and LTR retrotransposons are quite similar, and the LTRs play major roles in several steps 
(Berg and Howe, 1989; Whitcomb and Hughes, 1992) (Figure 2). Retroelements use their 5' 
LTR to initiate and 3' LTR to terminate transcription of mRNA, giving rise to identical 
sequences, R, at both ends. The region downstream of the 5' R region is U5, which is 
duplicated at the 3' end during cDNA synthesis. The region upstream of the 3' R region is U3, 
which is duplicated at the 5' end during cDNA synthesis. The duplication of U5 and U3 
forms complete LTRs, generally a few hundred base pairs in length, at both 5' and 3' end of 
the cDNA and pro viruses. The U3 region of the left (upstream) LTR serves as promoter for 
the transcription of viral RNA. The U5 region of the right (downstream) LTR provides 
transcription termination and poly (A) signals. The mRNA is translated into gag and pol 
polyproteins (and env and regulatory proteins for retroviruses). They subsequently assemble 
into virus or virus-like particles (VLP) along with the mRNA. Some host factors, which 
include one major species of tRNA, are also packaged into the particles. For retroviruses, the 
virus particles are released from the host cells as viruses. The viruses can infect other cells by 
injecting the particles into infected cells after membrane fusion. For LTR retrotransposons, 
the particles remain in the same cells. Both Tyl and copia have been shown to make 
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Figure 2. A brief view of the retrovirus and LTR retrotransposon life cycle. A. The 
integrated DNA forms are shown and the open boxes with black filled arrowheads represent 
long terminal repeats (LTRs). LTRs consist of three regions, U3, R, and U5. The region 
immediately downstream of 5' U3 is the primer-binding site (PBS) and the region 
immediately upstream of 3' U5 is the polypurine tract (PPT). B. The big oval represents the 
host cell. For retrotransposons, the virus-like particles (VLP) remain in the same cells; for 
retroviruses, the virus particles are released as virions and are able to infect other cells. 
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virus-like particles. These particles are not infectious because they generally lack the third 
ORF, env. Reverse transcription is triggered by infection for the retroviruses and it is 
regulated by the cell cycle for retrotransposons. Reverse transcription is carried out by the 
reverse transcriptase using a host tRNA as a primer within the virus or virus-like particles. 
Typically, 15 to 20 nucleotides at the 3' end of the tRNA base pair to the primer binding site 
(PBS) immediately downstream from the 5' LTR in the mRNA. For some retrotransposons 
(referred to as hemiviruses), the anticodon loop of the tRNA molecules base pair to the 
mRNA (Ke et al., 1999). The presence of identical sequences at the 5' and 3' end of the 
mRNA template (the R region) enable the reverse transcriptase to undergo strand transfer to 
the 3' end upon reaching the 5' end of the mRNA. The synthesis of the first DNA strand, the 
negative strand, generates an RNA-DNA heteroduplex. The RNA component of the 
heteroduplex is destroyed by the RNase H domain of RT, except for a polypurine tract (PPT) 
immediately upstream of the 3' LTR. The PPT primes the synthesis of the second strand, plus 
strand. The presence of the R region enables the reverse transcriptase to undergo a second 
strand transfer upon reaching the 3' end of the negative strand DNA. The completion of 
second strand synthesis results in a double-strand linear cDNA, with complete LTRs at both 
ends. This cDNA intermediate is transported into the nucleus as part of an integration 
complex, a key component of which is the retroelement-encoded integrase (Brown, 1997). 
Integrase bound to the LTR end sequences can make a staggered cut in chromosomal DNA 
and co valently joins the ends of cDNA to the chromosomal DNA. The small gaps resulting 
from the staggered cut are repaired by the host DNA damage repair machinery and this 
process leaves a 4-6 bp target site duplication flanking the element, which is the signature of 
LTR retroelement integration. 
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Target specificity of retroelements 
Analysis of the integration sites of retroelements has revealed that most genomic 
DNA sites appear to be available for insertion, however, there exist some hotspots for 
particular elements (Craig, 1997; Pryciak et al., 1992a; Withers-Ward et al., 1994). Such an 
insertion site preference is called target specificity. The pattern of the insertion sites and the 
level of target specificity vary considerably among different groups of retroelements. 
Analysis of retroviral integration in vivo suggested that retroviruses tend to insert into 
transcriptionally active regions (Mooslehner et al., 1990; Scherdin et al., 1990), DNase I 
hypersensitive regions (Goodenow and Hayward, 1987; Robinson and Gagnon, 1986; 
Rohdewohld et al., 1987; Vijaya et al., 1986), or intrinsically bent DNA (Milot et al., 1994). 
Using in vitro integration assays, Kitamura et al. showed that the distribution of avian 
leukosis virus (ALV) insertions were not random in both methylated and unmethylated DNA 
substrates, suggesting that both sequence and structure of local DNA affect the insertion site 
preference (Kitamura et al., 1992). When a minichromosome associated with nucleosomes 
was used as the target DNA in an in vitro study, the insertion sites of Molony murine 
leukemia virus (MoMuLV) was found to cluster at 10 bp intervals within the nucleosome 
(Pryciak et al., 1992b). This target specificity was interpreted as the preference of integrase 
for the bent DNA within the nucleosome. The target preference of retroviruses for sites like 
DNase I hypersensitive regions suggests that the accessibility of target DNA may be 
important for the non-random distribution of retroviral insertions (Craigie, 1992). The 
promoter regions of genes are usually hypersensitive to DNase I. It is presumably because 
they have more open chromatin structures that they are accessible to the transcription 
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machinery. It is only logical to believe that such regions are also more accessible to the 
retroviral integration complex. Apparently, the accessibility of target DNA can be affected by 
many factors, such as compartmentalization of chromosomal regions inside the nucleus, 
higher order chromatin structure, lower order chromatin structure (i. e. nucleosome binding) 
and certain unique DNA structural features. 
Target specificity is particularly pronounced for the retrotransposons, which are 
obligate genomic parasites. Targeting may allow retrotransposons to persist by avoiding the 
disruption of genes or other sequences critical for host survival (Boeke and Devine, 1998). 
Many non-LTR retrotransposons show strong target specificity for certain DNA sequences or 
DNA with certain structures. The R2 element of the silkworm Bombyx mori integrates only 
into a specific site in 28S rDNA (Luan et al., 1993). The endonuclease of the R2 element 
specifically recognizes a sequence in 28S genes. Studies on LINE I elements suggest that 
LINE1 endonuclease is specific for an unusual DNA structure or DNA sequence (Cost and 
Boeke, 1998; Feng et al., 1996). The LINE1 elements in human are enriched in alpha satellite 
DNA. The insertion sites share the consensus sequence (Py)2-io/(Pu)3-7 (Laurent et al, 1997). 
Similarly, the SART1 elements in Bombyx mori integrate preferentially into the 
pentanucleotide telomeric repeats (TTAGG)n (Takahashi and Fujiwara, 1999; Takahashi et 
al., 1997). All SART1 insertions analyzed occurred between the T and A within the 
(TTAGG)n repeats. The preferential cleavage of some sites by the endonuclease, followed by 
reverse transcription at the cleavage sites using the cleaved DNA as the primer, likely causes 
the non-random distribution of insertions. 
Most LTR retrotransposons show a target preference for certain types of chromatin. 
The most compelling support for retroelement targeting comes from the study of the 
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Saccharomyces cerevisiae retrotransposons (five families, designated Tyl-Ty5) (Boeke and 
Sandmeyer. 1991). In the S. cerevisiae genome, over 90% of native Tyl-Ty4 insertions are 
found in the upstream regions of genes transcribed by RNA polymerase III, such as tRNA 
genes (Kim et al., 1998). For Tyl and Ty3, this genomic organization has been shown to be 
due to targeted integration, which requires the assembly of the RNA polymerase III 
transcription complex (Chaiker and Sandmeyer, 1992; Devine and Boeke, 1996). Mutations 
that prevent the binding of pol III transcription factors prevent targeted integration. For Ty3, 
the transcription factors TFIIIB and TFIIIC are sufficient for targeting in vitro when they are 
loaded onto a tRNA gene template (Kirchner et al., 1995). Thus the Tyl and Ty3 integration 
complexes interact with a component of the RNA polymerase III transcriptional apparatus or 
recognize a chromatin state associated with RNA polymerase III transcription. As described 
in greater detail below, Ty5 preferentially integrates into the silent chromatin at telomeres 
and silent mating-type loci (Zou et al., 1996a; Zou et al., 1996b). 
The non-random chromosomal distribution of retrotransposon insertions suggests that 
the integration complex actively selects integration sites (Craigie, 1992; Sandmeyer et al., 
1990). To explain retroelement integration site selection, one widely held model suggests that 
the retroelement integration complex interacts with DNA-bound proteins or components of 
chromatin (Bushman, 1995). This serves to tether the integration machinery to the target site, 
resulting in the observed target site biases. A safe haven hypothesis has been proposed to 
explain the co-evolution of retrotransposons and their hosts (Boeke and Devine, 1998; 
Sandmeyer et al., 1990; Voytas and Boeke, 1993). Retrotransposons are suggested to evolve 
target preference to certain chromosomal sites, the so-called safe havens, where coding 
sequences are rare or duplicated. This minimizes the deleterious effects of their insertion. 
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In this thesis. I seek to understand the mechanism of target specificity of the yeast 
Ty5 retrotransposon. These elements have identified their own safe haven in the S. 
cerevisiae genome, namely the gene-poor regions near the telomeres. These regions are 
bound in a unique chromatin called silent chromatin, which is required for Ty5 to integrate at 
these sites. What follows is a description of silent chromatin, and then a description of what 
was known about Ty5 target specificity at the time I began my thesis project. 
Silent chromatin in S. cerevisiae 
Transcriptional repression (or silencing) of entire regions of chromosomes has been observed 
in many organisms. Transcriptionally inactive regions show different staining patterns in 
metaphase chromosomes. These regions are called heterochromatin and are typically located 
at the centromeres and telomeres and are made up of primarily repetitive DNA. In 
Drosophila, position-effect variegation (PEV) was discovered when genes became located 
near heterochromatin through chromosomal rearrangements or transposition and showed 
position-dependent transcriptional silencing (Eissenberg et al., 1995). In higher eukaryotes, 
silencing is mediated by structured chromosomal domains. In the yeast S. cerevisiae, 
telomeres, silent mating-type loci and arrays of ribosomal DNA repeats are bound in silent 
chromatin, which shares many of the features of heterochromatin (Figure 3) (Braunstein et 
al., 1996; Fritze et al., 1997; Hecht et al., 1995). Many factors involved in establishing and/or 
maintaining silent chromatin at these regions have been identified through mutant analysis. 
In S. cerevisiae, the repression of mating-type gene expression is required for 
appropriate cell-type identity during mating (Abraham et al., 1983; Abraham et al., 1984; 
Herskowitz et al., 1992; Nasmyth, 1982). Haploid cells have two mating types, a and oc. 
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Figure 3. A schematic model for the dynamics of silent chromatin and Sir proteins. 
Telomeres serve as a reservoir for the limited pool of Sir2-Sir4 proteins. The Sir proteins 
can be recruited to other loci, such as the HM loci, rDNA, double-strand breaks (DSB), 
or some unidentified silent loci. Recruitment to these sites is brought about through 
interactions with site-specific factors, such as Sirlp, Uth4p, Ku proteins, and Sif2p. 
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Mating type is controlled by the MAT locus, which is on the internal region of chromosome 
III. The cells are a mating type if the MAT encodes a\ and a2 genes; they are a mating type 
if the MA T locus encodes cd and a2 genes. Two other loci, HML and HMR on the left arm 
and right arm of chromosome III also encode al/a2 or aMdl genes. Expression of genes at 
the HM loci is normally repressed so that only the mating type genes at the MAT locus are 
expressed. Occasionally, the genes at the MAT locus switch by HO- endonuclease induced 
recombination with one of the HM loci. The cells then switch mating type. Transcriptional 
repression at the silent mating-type loci requires the formation of a nucleoprotein complex at 
specific c/j--acting elements called silencers (Laurenson and Rine, 1992). These silencers 
have binding sites for proteins such as the origin replication complex (ORG) (Bell et al., 
1993; Micklem et al., 1993), Raplp (Kurtz and Shore, 1991) and Abflp (McBroom and 
Sadowski, 1995). These DNA-binding proteins nucleate the assembly of the many other 
components of silent chromatin, including the well-studied silent information regulators, 
Sirlp-Sir4p (Gasser et al., 1998; Laurenson and Rine, 1992; Lustig, 1998; Nasmyth, 1982). 
Deletion of SIR2, SIR3, or SIR4 disrupts silencing, whereas deletion of SIR J partially reduces 
silencing at HM loci. The Sir proteins do not bind the DNA directly, instead, they interact 
with the DNA-binding proteins, ORG, Rapl, and Abfl. They interact with each other and 
form a complex at the HM loci and spread out to create a chromatin domain with 
hypoacetylated histones H3 and H4 (Braunstein et al., 1996; Pazin and Kadonaga, 1997; 
Roth and Allis, 1996). The N-termini of histones H3 and H4 facilitate the assembly of silent 
chromatin through interaction with Sir3p and Sir4p (Hecht et al., 1995). 
Genes inserted near the telomeres display variegated patterns of expression 
(Gottschling et al., 1990; Lowell and Pillus, 1998; Lustig, 1998; Vega-Palas et al., 1997).This 
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phenomenon is defined as telomeric position effect (TPE), which is metastable and can 
alternate between "on" and "off' states. TPE requires Sir2p, Sir3p, and Sir4p, but not Sirlp. 
The same DNA-bound proteins found at the silent mating loci also bind the DNA near the 
telomeres, either to the telomeric TG1.3 repeats (Raplp) (Moretti et al., 1994) or to sites 
within the subtelomeric X repeats (Abflp and ORG). Sir3p is a limiting factor for the 
propagation of silencing along the chromosome and overexpression of Sir3p, but not Sir4p, 
can extend the silent chromatin toward the central regions. Immunofluorescence staining 
studies demonstrated that Sir proteins are colocalized with Raplp at sites near the nuclear 
periphery, which corresponds to the clusters of telomeres (Palladino et al., 1993). The yeast 
homologues of human Ku70 and K80, which are involved in non-homologous end-joining 
(NHEJ) of DNA double-strand break repair, are also required for tethering the telomeres to 
the nuclear periphery and for telomeric silencing (Gravel et al., 1998). 
The ribosomal DNA consists of 100 to 200 tandem repeats of 9-kb units located in 
the nucleolus. The rDNA was shown to be another domain of silent chromatin by the 
observation that marker genes transcribed by RNA pol II are partially silenced when placed 
in rDNA (Bryk et al., 1997; Smith and Boeke, 1997). Unlike telomeres and HM loci, Sir2p 
protein is the only Sir protein essential for rDNA silencing (Fritze et al., 1997; Smith et al., 
1998). Sir2p also represses homologous recombination in the rDNA repeat (Gottlieb and 
Esposito, 1989). Deletion of SIR4 enhances rDNA silencing, indicating that Sir4p has a 
negative effect on rDNA silencing (Smith and Boeke, 1997; Smith et al., 1998). 
Efficiency of silencing at different loci varies and seems to be regulated by 
competing, limiting factors, such as Sir proteins (Aparicio et al., 1991; Cockell et al., 1998a; 
Gasser et al., 1998). Different factors are involved at different loci. For example, several 
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proteins have been shown to interact with Sir4p, such as Sirlp at the HM loci (Buck and 
Shore. 1995: Chien et al., 1993), yKu70p at telomeres (Tsukamoto et al., 1997), and Uth4p at 
rDNA (Kennedy et al., 1997). Another factor, Si£2p, which binds to the Sir4p N-terminus, 
competes for telomeric silencing and Sir4p localization at telomere sites (Cockell et al., 
1998b). 
The Sir proteins 
It is clear from the above discussion that Sir2p, Sir3p, and Sir4p are very important 
for silent chromatin. A large body of evidence suggests that the Sir proteins establish and 
maintain structured chromosomal domains at telomeres, silent mating-type loci, and 
ribosomal DNA (Gasser et al., 1998; Stone and Pillus, 1998). SIR genes were discovered 
about twenty years ago during the investigation of cell-type determination in S. cerevisiae 
(Ivy et al., 1986; Nasmyth, 1982). Sir2p, Sir3p and Sir4p are absolutely required for silencing 
at both the HM loci and telomeres. Sirlp primarily functions at HM loci. Mutations in SIR2, 
SIR3 and SIR4 cause hyperacetylation of histone H4 at both the HM loci and subtelomeric Y' 
elements (Braunstein et al., 1993). Sir2p is the only Sir protein required for rDNA silencing. 
Both Sir3p and Sir4p are able to form homodimers and heterodimers (Moretti et al., 1994; 
Strahl-Bolsinger et al., 1997). Both interact with Raplp (Moretti et al., 1994), as well as 
histone H3 and H4 (Hecht et al., 1995). Sir4p also interacts with Sir2p (Strahl-Bolsinger et 
al., 1997). Co-immunoprecipitation experiments suggest that Sir2p, Sir3p, Sir4p, Raplp, and 
histones H2A, H2B, H3, and H4 exist as a protein complex (Hecht et al., 1996; Holmes et al., 
1997; Strahl-Bolsinger et al., 1997). 
17 
Extensive genetic and biochemical analysis of the four SIR gene has revealed some 
other roles they play in cellular processes (Gartenberg, 2000; Guarente, 1999). In addition to 
transcriptional silencing, the Sir complex has been implicated in suppression of 
recombination, repair of DNA double-strand breaks, regulation of the mitotic cell cycle, 
meiosis and aging. However, none of the Sir proteins is essential for cell viability. 
Sir2p. Sir2p is an evolutionary conserved protein, of 562-amino acids. Homologues 
of Sir2p have been identified from bacteria, archaebacteria, protozoan, nematode, fly, 
rodents, mammals, and plants (Afshar and Murnane, 1999; Brachmann et al., 1995; Frye, 
1999). Sir2p is the only Sir protein required for silencing at all the three characterized silent 
chromatin domains, the HM loci, telomeres and rDNA. In addition to silencing, Sir2p 
suppresses recombination of the rDNA repeats and promotes the longevity of the yeast 
mother cells (Fritze et al., 1997; Gottlieb and Esposito, 1989; Imai et al., 2000). Furthermore, 
it functions in Ku-dependent double-strand DNA break repair and telomere maintenance 
along with Sir3p and Sir4p (Lee et al., 1999). Yeast Sir2p has been shown to use NAXT as a 
donor to ribosylate histones H3 and H4 and itself in vitro (Tanny et al., 1999). The enzymatic 
activity was abolished when a conserved histidine residue was mutated. Both yeast and 
mouse Sir2 protein exhibit NAD-dependent histone deacetylase activity in vitro (Imai et al., 
2000). Recombinant Sir2 proteins can deacetylate lysines 9 and 14 of H3 and specifically 
lysine 16 of H4. Mutation analysis supports the idea that this histone deacetylase activity 
accounts for silencing, suppression of recombination, and extension of life span in vivo. 
There are four SIR2 homologues, HST1-HST4 in S. cerevisiae (Brachmann et al., 1995; 
Derbyshire et al., 1996). They share 30-63% overall identity to SIR2 at the amino acid level. 
Single hst null mutants show no defect in mating or telomere silencing. However, 
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overexpression of HSTJ, but not of HST2 or HST3, complement the mating defect of sir2 
strains in MATa background. Unlike the single hst3 and hst4 mutants, the hstS hst4 double 
mutant is defective in telomere silencing. The hst3 hst4 double mutant is also temperature 
sensitive for growth at 37°C, has low viability and altered cell cycle distribution, displays a 
modest UV-irradiation sensitivity, shows an increased chromosome missegregation and loss 
and higher rate of recombination. 
Sir3p. SirSp is a 973-amino acid protein that shares 50% sequence identity in its N-
terminal 214 amino acids with one subunit of the Origin Replication Complex, Orclp (Stone 
and Pillus, 1998). Sir3p is essential for silencing at both the HM loci and telomeres. Unique 
from Sir2p or Sir4p, Sir3p is also capable of spreading telomeric silent chromatin further 
toward the centromere when its dosage is increased (Renauld et al., 1993). High level 
overexpression of Sir3p causes chromosome instability and decreased viability (Holmes et 
al., 1997). This phenotype is aggravated if Sir2p is simultaneously overexpressed. Sir3p is a 
target of mitogen-activated protein (MAP) kinase cascade regulation (Stone and Pillus, 
1996). Sir3p is hyperphosphorylated in response to mating pheromone and under starvation 
or heat shock conditions. Hyperphosphorylation of Sir3p enhances telomeric silencing. Sir3p 
appears to respond to cellular signals and reprogram silencing through replication-associated 
assembly of repressive chromatin structures. Regulated phosphorylation of Sir3p may thus be 
a mechanistically significant means for modulating silencing. 
Sir4p. Sir4p is a 1358-amino acid protein that shares limited sequence similarity with 
nuclear lamins (Diffley and Stillman, 1989; Ivy et al., 1986; Marshall et al., 1987). This 
homology suggests that Sir4p might be associated with the nuclear envelope. Sir4p is 
essential for silencing at both telomeres and HM loci. Genetic and biochemical studies 
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revealed that Sir4p has multiple functional domains (Cockell et al.. 1998a) (Figure 4). Two-
hybrid analyses narrowed down the Sir4p dimerization domain to amino acid 1262 to 1358 
(Chien et al., 1991), showed that Sir4p C-terminus binds to the middle region of Sir3p, the C-
terminal one-third of Raplp (Moretti et al., 1994), and yKu70p (Tsukamoto et al., 1997). In 
vitro binding studies demonstrated that Sir4p N-terminus binds to Sir2p and Sir3p C-
terminus, and Sir4p C-terminus binds to Sir2p (Strahl-Bolsinger et al., 1997). In vitro 
binding analyses also showed that Sir4p binds to histones H3 and H4 N-termini (Hecht et al., 
1995) and that the N-terminus of Sir4p is sufficient for binding to H3, H4, Sirlp (Cockell et 
al., 1998a) and Sif2p (Cockell et al., 1998b). Genetic analyses identified the partitioning and 
anchoring domain of Sir4p (PAD4) (Ansari and Gartenberg, 1997). Genetic screens for genes 
that increase the life span of uth4-14 strains identified a C-terminal truncated allele of SIR4, 
sir4-42 (Kennedy et al., 1995). The protein expressed by sir4-42 has a C-terminal deletion (a 
nonsense mutation at residue 1238), which causes derepression of the transcriptional 
silencing at the HM loci and telomeres by preventing their recruitment of the Sir proteins. 
The Sir complex has been shown to relocalize from the telomeres and HM loci to the rDNA 
(nucleolus) in both sir4-42 and aged cells (Kennedy et al., 1997). Redistribution of silencing 
proteins from telomeres to the rDNA was also caused by mutation of SGS1 gene, which was 
shown to cause premature aging in yeast mother cells and the aging-induced phenotypes of 
sterility (Sinclair et al., 1997). The observation that the sir4-42 allele or other silent regulator 
gene mutations affect aging establishes a fascinating link between silencing, the nucleolus 
and aging. Age-dependent silencing is also observed in animals, where increasing variegation 
of transgene expression occurs with aging of mice (Robertson et al., 1996). 
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Figure 4. Functional domains of Sir4p. The full-length Sir4p (shown at top) has 1358 
amino acids residues. Some functional domains revealed by genetic and biochemical 
studies are shown at bottom. Genetic screens for genes that increase the life span of uth4-
14 strains identified a C-terminal truncated allele of SIR4, sir4-42 (Kennedy et al. 1995). 
Two-hybrid analyses narrowed down the Sir4p dimerization domain to amino acid 1262 to 
1358 (Chien et al. 1991). The Sir4p C-terminus binds to the middle region of Sir3p, the 
C-terminus one-third of Raplp (Moretti et al. 1994), and yKu70p (Tsukamoto et al. 1997). 
In vitro binding experiments demonstrated that the Sir4p N-terminus binds to Sir2p and 
Sir3p C-terminus, and that the Sir4p C-terminus binds to Sir2p (Strahl-Bolsinger et al. 
1997). In vitro binding studies also showed that Sir4p binds to histones H3 and H4 N-
termini (Hecht et al. 1995) and that the N-terminus of Sir4p is sufficient for binding to H3, 
H4, Sirlp (Cockell et al. 1998a) and Sif2p (Cockell et al 1998b). Genetic analyses 
identified the partitioning and anchoring domain (PAD) (Ansari and Gartenberg, 1997). 
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Target specificity of the yeast LTR retrotransposon Ty5 
The first Ty5 retrotransposon was identified through the examination of the S. 
cerevisiae chromosome III sequence (Voytas and Boeke, 1992). This element shows typical 
features of retro transposons. A comprehensive survey of the complete S. cerevisiae genome 
revealed that there are seven Ty5 elements. Only one has internal coding sequence, however 
it has a deletion and numerous mutations that render it transpositionally inactive. All the 
seven Ty5 insertions are associated with autonomously replicating sequences at the telomeres 
or the silent mating-type loci. An active Ty5 element was obtained from S. paradoxus, a 
close relative of S. cerevisiae, and a transposition assay was developed so that cells with Ty5 
transposition events can be easily selected (Zou et al., 1996a). 
Over 94% of de novo Ty5 integration events occur near the telomeres or silent 
mating-type loci, HML and HMR (Zou et al., 1996a; Zou et al., 1996b). The insertion sites 
are usually within 1.5 kb of an Autonomous replicating sequence Consensus Sequence 
(ACS) at the subtelomeric X repeats and HM loci. There is no obvious sequence similarity 
among Ty5 insertion sites. Ty5 insertions near ACS elements outside the telomeres and HM 
loci have not been observed at levels higher than would be predicted for random integration 
(Zou et al., 1996a; Zou et al., 1996b). 
Studies of the requirements for Ty5 target specificity support the general model that 
integration complexes recognize chromatin or its component(s) (Figure 5). Mutations in any 
two of three cis-acting elements in the HMR-E silencer, which were shown to abolish 
silencing at the HMR locus, abolish Ty5 targeting to HMR, suggesting that silent chromatin 
determines Ty5 target preference (Zou and Voytas, 1997). Mutations in individual protein 
22 
\yyJyyyyyy \sssj. 
LDSSPP 
Ty5 cDNA 
Silent chromatin Chromosomal DNA 
Figure 5. Target specificity of the Saccharomyces retrotransposon Ty5. Ty5 
preferentially integrates into DNA regions bound by silent chromatin. A. The Ty5 
targeting domain (TD) spanning only six amino acids was identified near the C-
terminus of integrase. Four of the six amino acids, the leucine, both serines, and the 
first proline, are required for Ty5 target specificity. B. A targeting model of Ty5 
integration specificity. The interaction between integration complex and one 
component of the silent chromatin directs Ty5 to the target sites. 
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binding sites within the silencer, however, have only modest effects on targeting. This 
suggests that the integration complex may not interact directly with DNA-bound proteins 
(e.g. Rapl, Abfl, and ORC), but rather with the factors that they recruit, such as the Sir 
proteins. 
Studies of Ty5-encoded factors suggest that integrase itself is required for the target 
specificity. A single amino acid change near the C-terminus of integrase (S1094L) was found 
that eliminates Ty5 targeting to telomeres and HM loci (Gai and Voytas, 1998). A targeting 
domain (TD) spanning six amino acids (LDSSPP) near the carboxyl-terminus of integrase 
was identified through genetic screening (Xie et al., 2001). Four of the six amino acids, the 
leucine, both serines, and the first proline, are required for Ty5 target specificity. 
These observations support a model that the recognition of silent chromatin by Ty5 
integration complex results in the target specificity of Ty5 integration. This is the working 
model of this research. 
Dissertation organization 
Chapter II is a paper published in Genes & Development. The paper demonstrated the 
importance of the Sir proteins for Ty5 target specificity. It also showed that Ty5 target 
specificity changes with the relocalization of the Sir complex from telomeres to the rDNA in 
sir4-42 strains. Chapter III is a manuscript prepared for submission to Nature. In this 
manuscript, I demonstrate an interaction between integrase C-terminus and SIR4 C-terminus 
in two-hybrid assays and describe a new strategy to modify Ty5 target specificity. The 
targeting domain, which is important for the target specificity, is required and sufficient for 
the interaction with Sir4p. Two amino acid residues in Sir4p have been identified for their 
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importance in the interaction with integrase. I demonstrate that the interaction between 
integrase and Sir4p is the driving force for Ty5 targeted integration using a tethered 
integration assay. Chapter IV draws general conclusions of my dissertation research and 
provides some perspectives related to the study of retroelement target specificity. 
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CHAPTER H. TAGGING CHROMATIN WITH RETROTRANSPOSONS : 
TARGET SPECIFICITY OF THE SACCHROMYCES TY5 RETROTRANSPOSON 
CHANGES WITH THE CHROMASOMAL LOCALIZATION OF Sir3P AND Sir4p 
A paper published in Genes & Development 1 
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Abstract 
Retrotransposon and retroviral insertions are not randomly distributed on chromosomes, 
suggesting that retroelements actively select integration sites. This is the case for the yeast 
Ty5 retrotransposons, which preferentially integrate into domains of silent chromatin at the 
HM loci and telomeres. Here we demonstrate that loss of SirSp or Sir4p — components of 
silent chromatin — causes a greater than nine fold decrease in Ty5 targeting to the HM loci 
and largely randomizes chromosomal integration patterns. Strains with a deletion of SIR4 
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also display an approximately ten-fold increase in cDNA recombination, which is due both to 
the expression a- and a- mating type information and the absence of Sir4p. It is known that 
in old yeast cells or in strains carrying the sir4-42 allele, the Sir complex relocalizes to the 
rDNA. About 26% of Ty5 insertions occur within the rDNA in sir4-42 strains compared to 
3% in wild type. Ty5, therefore, is sensitive to changes in chromatin, indicating that 
retrotransposons may be useful for dissecting chromatin dynamics that occur during 
developmental programs such as aging. 
Introduction 
Reverse transcription as carried out by the retroviruses and retrotransposons occurs 
within a nucleoprotein complex in the cell cytoplasm. The resulting cDNA is transported 
into the nucleus as part of an integration complex, a key component of which is the 
retroelement-encoded integrase (Brown 1997). Integrase carries out the strand scission and 
joining reaction that inserts the cDNA into the host genome. The non-random chromosomal 
distribution of retrovirus and retrotransposon insertions suggests that the integration complex 
discriminates among potential integration sites (Sandmeyer et al. 1990; Craigie 1992). 
Integration specificity is particularly pronounced for the retrotransposons, which are obligate 
genomic parasites, and targeting may allow retrotransposons to persist by avoiding the 
disruption of genes or other sequences critical for host survival (Boeke and Devine 1998). 
To explain retroelement integration site selection, one widely held model suggests 
that the retroelement integration complex interacts with DNA-bound proteins or components 
of chromatin (Bushman 1995). This serves to tether the integration machinery to the target 
35 
site, resulting in the observed target site biases. The most compelling support for this model 
comes from the study of the Saccharomyces cerevisiae retrotransposons (five families, 
designated Tyl-Ty5) (Boeke and Sandmeyer 1991). In the S. cerevisiae genome, over 90% 
of native Tyl-Ty4 insertions are found in the upstream regions of genes transcribed by RNA 
polymerase III, such as tRNA genes (Kim et al. 1998). For Tyl and Ty3, this genomic 
organization is due to targeted integration, which requires the assembly of the RNA 
polymerase III transcription complex (Chalker and Sandmeyer 1992; Devine and Boeke 
1996). Mutations that abolish the binding of pol III transcription factors abolish targeted 
integration. For Ty3, the transcription factors TFIIIB and TFIIIC are sufficient for targeting 
in vitro when they are loaded onto a tRNA gene template (Kirchner et al. 1995). Thus the 
Tyl and Ty3 integration complexes interact with a component of the RNA polymerase III 
transcriptional apparatus or recognize a chromatin state associated with RNA polymerase III 
transcription. 
The Ty5 elements display a markedly different target bias — over 90% of Ty5 
integration events occur near the telomeres or silent mating loci, HML and HMR (Zou et al. 
1996a; Zou et al. 1996b). The telomeres and HM loci are bound in silent chromatin, which is 
analogous to heterochromatin of higher eukaryotes (Loo and Rine 1995; Lustig 1998). Silent 
chromatin has a number of cellular functions — it represses transcription of the HM loci, is 
involved in telomere maintenance, and plays a role in senescence. Components of silent 
chromatin assemble at specific cis-acting sequences, which for the HM loci are the flanking 
transcriptional silencers designated E and I. These silencers bind the transcriptional 
regulators Raplp and Abflp as well as the origin recognition complex (ORC). These same 
proteins also bind near the telomeres, either to the telomeric TG1.3 repeats (Raplp) or to sites 
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within the subtelomeric X repeats (Abflp and ORC). These DNA-binding proteins nucleate 
the assembly of the many other components of silent chromatin, including the well-studied 
silent information regulators, Sirlp-Sir4p. Sirlp acts primarily to establish silencing at the 
HM loci, whereas Sir2p, SirSp and Sir4p are considered structural components of silent 
chromatin. They nucleate at the silencers and spread out to create a hypoacetylated 
chromatin domain. 
Studies of the requirements for Ty5 target specificity support the general model that 
integration complexes recognize chromatin or other DNA-bound proteins such as 
transcription factors. Ty5 typically integrates within an approximately 3 kb window 
encompassing the HM transcriptional silencers or the subtelomeric X repeat (Loo and Rine 
1995; Zou et al. 1996a; Zou et al. 1996b; Lustig 1998). Silent chromatin determines Ty5 
target preference, since mutations in HMR-E that fail to assemble silent chromatin also fail to 
direct Ty5 integration (Zou and Voytas 1997). Mutations in individual protein binding sites 
within the silencer, however, have only modest effects on targeting, suggesting that the 
integration complex may not interact directly with DNA-bound proteins (e.g. Rapl, Abfl, 
ORC), but rather with the factors they recruit to establish the silent state. Studies of Ty5-
encoded factors required for targeting suggest that integrase itself may physically interact 
with a component of silent chromatin to mediate target choice. A single amino acid change 
near the C-terminus of Ty5 integrase was found to randomize Ty5 integration patterns (Gai 
and Voytas 1998). 
Chromatin states are not static. Reorganization of chromatin, which occurs during the 
onset of particular developmental programs, may alter retroelement targeting patterns. In S. 
cerevisiae, the rDNA is another domain of silent chromatin, and rDNA silencing depends 
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upon the silent information regulator Sir2p (Bryk et al. 1997; Smith and Boeke 1997). SirSp 
and Sir4p dramatically change their distribution between the telomeres///M loci and the 
rDNA as yeast cells age. The first evidence for this was provided by the isolation of a C-
terminal truncated allele of SIR4 (sir4-42), which prolongs the life span of yeast cells 
(Kennedy et al. 1995). It was proposed that sir4-42 mediates its effect by preventing the 
recruitment of the Sir complex to the telomeres and HM loci, thereby increasing their 
concentration at hypothetical AGE loci —regulators of life span. Indirect 
immunofluorescence studies showed that in both sir4-42 and old wild type cells, SirSp and 
Sir4p relocalize from the telomeres to the rDNA (nucleolus), suggesting that the rDNA is the 
AGE locus (Kennedy et al. 1997). More recently, rDNA breakdown has been shown to mark 
the onset of senescence in yeast, and yeast life span is measured by a clock calibrated to the 
accumulation of rDNA circles that result from recombination between rDNA repeats 
(Sinclair and Guarente 1997). The relocalization of the Sir complex to the rDNA during 
aging or in sir4-42 strains likely reorganizes chromatin and mitigates the onset of rDNA 
recombination and senescence. 
In this manuscript, we further explore the model that retroelement target specificity 
results from the recognition of specific chromatin components during integration. In 
particular, we analyze Ty5 integration patterns in strains with deletions in individual SIR 
genes, and we demonstrate that in strains lacking SirSp or Sir4p, Ty5 target specificity is 
largely abolished. In addition, we found that in sir4-42 strains, wherein the Sir complex 
relocalizes from the telomeres to the nucleolus, Ty5 integrates preferentially into the rDNA. 
This indicates that retroelements like Ty5 are highly sensitive to changes in chromatin 
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structure and can be used to map chromatin domains or to 'tag' chromatin states associated 
with specific developmental programs. 
Results 
Assays for Ty5 cDNA integration and recombination 
Because of TyS's preference to integrate into domains of silent chromatin, the Sir 
proteins were viewed as likely candidates for being recognized by the Ty5 integration 
complex. We used strains with deletion in individual SIR genes to assess their role in 
integration and recombination. In our transposition assay, Ty5 transcription is controlled by 
a galactose-inducible promoter, and the donor Ty5 element carries a marker gene (his3AI) 
that is rendered non-functional due to the presence of an artificial intron (Zou et al. 1996a) 
(Figure 1). When cells with the donor element are grown on galactose, transcription is 
induced, and the artificial intron is spliced from the Ty5 mRNA. Reverse transcription of the 
spliced message reconstitutes a functional HIS3 gene. A His+ phenotype can result either 
when Ty5 cDNA integrates into the genome, recombines with the his3AI marker on the 
donor plasmid, or recombines with a chromosomal substrate (Ke and Voytas 1997; Ke and 
Voytas 1999). Plasmid and chromosomal events are distinguished by growing cells on 
synthetic complete media without histidine and with 5-fluoroorotic acid (SC-H + 5-FOA). 5-
FOA selects against the plasmid-bome URA3 gene, and therefore cells in which the HIS3 
marker has recombined with the plasmid will not grow on SC-H + 5-FOA media. Cells that 
survive this selection (i.e. His+/5-FOArcells) include Ty5 chromosomal integration and 
recombination events — the latter are typically gene conversions of the his3-ll,15 allele (see 
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data below). These can be distinguished by Southern blot or PCR analysis (see Methods for 
details). 
The effect of Sir proteins on Ty5 cDNA integration and recombination 
The frequencies of His+ cell formation were higher in the SIR deletion strains than in 
the wild type strain (Table 1). This was primarily due to an increase in cDNA 
recombination, since integration frequencies were modestly lower. The high-efficiency 
recombination phenotype was most pronounced for Asir4 strains, which exhibited a more 
than 10-fold increase in the frequency of His+ cell formation, a very high percentage of 
plasmid recombination (91% vs. 38% in wild type) and a very low percentage of 
chromosomal integration (3.3% vs. 58.9% in wild type). Loss of the Sir proteins results in 
derepression of the HM loci and the expression of both a- and a- mating type information. 
To distinguish between contributions made directly by loss of Sir proteins as opposed to the 
consequential derepression of the silent mating type loci, the HMR locus was deleted in each 
of the MATccAsir strains. In the Asirl Ahmr, Asir2 Ahmr and Asir3 Ahmr strains, the overall 
His+ frequency and the frequency of plasmid recombination were comparable to wild type 
and lower than the Asir strains, and the percentage of plasmid recombination was 
intermediary to the wild type and the Asir strains (Figure 2). This suggests that the 
derepression of the silent mating loci is the primary contributor to the high efficiency of 
recombination and that loss of Sirlp, Sir2p or Sir3p only contributes to the increase in the 
percentage of recombination. A control strain (MA TocHMR-E aeb) with a silencer mutation 
that expresses both a- and a-mating type information confirmed the contribution made by 
derepression of the silent mating type loci to the high recombination phenotype. For the 
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Asir4 Ahmr strain, the frequency of His+ cell formation was more than four fold greater than 
wild type, and the percent cDNA recombination was higher than the wild type and other Asir 
Ahmr strains (71.2% vs. 28.0% - 53.8%). In contrast to the other double mutants, the high 
efficiency and high percentage of recombination appears to be the result of a synergistic 
effect caused by derepression of the silent mating type loci and the loss of Sir4p. 
An example of Southern blot analysis used to distinguish chromosomal integration 
and gene conversion is shown in Figure 3. Filters containing DNA from twelve independent 
His+/5-FOAr wild type or Asir4 strains were hybridized with Ty5 or HIS3 probes. In the case 
of the wild type strain, 11/12 have Ty5 sequences and two copies of HIS3 — the endogenous 
his3-ll,15 allele and the HIS3 associated with Ty5. For Asir4, only 4/12 His+/5-FOAr strains 
carry Ty5-HIS3. One of the Asir4 strains (see Figure 3B, 3D) carries several copies of Ty5, 
which we often observe when Ty5 integration is blocked (Ke and Voytas 1999). For both the 
wild type and Asir4 strains, the presence of Ty5 sequences was scored as integration and the 
lack of Ty5 sequences was scored as gene conversion of his3-ll,15. 
Because of the high rates of cDNA recombination, we felt that we may have 
underestimated the effects of SIR deletions on integration. For example, it is difficult to 
distinguish integration events from recombination of Ty5 cDNA with the native Ty5 
elements on the yeast chromosomes. Native elements are degenerate, and although we have 
never previously observed such recombination events in wild type strains, their frequency 
could be increased if integration were affected by SIR deletions. To get a more accurate 
estimate of the effect of SIR deletions on Ty5 integration, we also measured integration in 
Asir2, Asir3 and Asir4 strains in which the RAD52 gene was deleted to eliminate homologous 
recombination (Petes et al. 1991) (Table 2). We found that the deletion of RAD52 did not 
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significantly affect integration frequency in wild type strains. However, integration in Asir 
Arad52 double mutants was reduced relative to the individual Asir strains and the Arad52 
single mutant, suggesting that recombination with the native Ty5 sequences may occur at 
appreciable levels in Asir backgrounds. Alternatively, there could be a synergistic 
transposition defect caused by loss of the SIR and RAD52 gene products; this remains to be 
tested. 
Deletion ofSIR3 or SIR4 impairs targeting ofTyS to the HM loci 
To determine whether the Sir proteins are important for Ty5 target specificity, we 
monitored integration near each of the four HM silencers in either wild type strains or strains 
with deletions in each of four SIR genes. For this study, we modified a PGR assay previously 
used to measure targeting ofTyS to the HMR-E transcriptional silencer (Zou and Voytas 
1997). Transposition was induced and genomic DNA was prepared in pools representing 10 
independent His+/5-FOAr strains. DNA pools were PCR-amplified four times; each reaction 
contained two primers specific for the Ty5 long terminal repeat (LTR) and two primers 
flanking a giiven silencer (Figure 4). The position of the primers made it possible to detect 
integration events within approximately 2 kb windows flanking each silencer, which in total 
represent romghly 0.06% of the genome. Because the His+/5-FOAr strains include both 
chromosomal integration and chromosomal recombination events, the effective number of 
integration events was adjusted using the data from Table 1. 
Targ eting to the HM loci was differentially affected by the SIR mutations (Table 3). 
Deletion of SIR1 slightly reduced targeting, whereas deletion of SIR2 decreased targeting 3.7 
fold. Targeting was reduced 9.4 fold in Asir3, and no targeted events were detected in the 
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Asir4 strain. Despite the targeting decrease in Asir2 and Asir3, the frequencies of HM 
insertions were at least 10 times greater than predicted for random integration in the genome. 
This suggests that although targeting is impaired, the Ty5 integration complex can still 
preferentially recognize these loci. 
Chromosomal integration patterns in Asir strains 
To determine the effect of SIR deletions on chromosomal integration patterns, 
independent transposition events in Asir2, Asir3, and Asir4 strains were characterized. 
Sequences flanking Ty5 integration sites were amplified by inverse PGR, sequenced, and 
mapped onto the complete S. cerevisiae genome sequence. We typically use the ORG 
binding site — the autonomously replicating consensus sequence (ACS) within either the 
telomeric X repeat or the HM silencers as a guidepost to orient integration events. Insertions 
were considered targeted if they occurred within 1.5 kb of such an ACS. By this definition, 
approximately 90% ofTyS transposition events are targeted in wild type strains (Zou et al. 
1996a; Zou et al. 1996b). 
We observed that the absence of Sir proteins altered chromosomal integration 
patterns (Table 4). Among ten insertions characterized in the Asir2 strain, four met our 
definition of targeted events, one was within a telomeric Y' element duplicated at the ends of 
chromosomes IX and X, one was located in the rDNA array and the other four were 
randomly distributed in the genome. Of eleven insertions in the Asir3 strain, one was 
targeted, three were clustered within the chromosome IX/X Y' element, and the remainder 
were distributed throughout the genome. Among nine insertions in the Asir4 strain, one was 
targeted, two were within or near Tyl elements and the rest were randomly dispersed. As 
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with the HM targeting assay, deletion of SIR 3 or SIR4 had the most significant effect on Ty5 
target specificity. 
Ty5 integration occurs preferentially within Ty elements and the rDNA in sir4-42 strains 
As cells age, Sir3p and Sir4p move from the telomeres and the silent mating loci to 
the rDNA (Kennedy et al. 1997). This relocalization is also observed in strains carrying the 
sir4-42 allele, which produces a C-terminal truncated SIR4 protein. We monitored Ty5 
integration efficiency and targeting in a sir4-42 strain. Compared to the Asir4 strain, 
frequencies of His+cell formation and cDNA recombination were largely indistinguishable 
(data not shown). Integration efficiency in a sir4-42 Arad52 strain was slightly higher than 
in a Asir4 Arad52 strain (Table 2). A high frequency of cDNA recombination was observed 
upon characterization of chromosomal insertions. Of nineteen independent chromosomal 
events analyzed in sir4-42, four were tandem elements (data not shown), which arose 
through recombination with the native Ty5-1 element near the left telomere of chromosome 
III (Voytas and Boeke 1992). Of the fifteen remaining chromosomal events, one integrated 
within the telomeric Ty5-1 element (Table 5). Interestingly, four were within preexisting 
Tyl or Ty3 elements, and two were within 600 bases of such elements. Retrotransposon 
sequences as a whole constitute 3.1% of the genome (Kim et al. 1998), and the observation 
that 7/15 insertions were associated with Ty elements suggests that Ty5 may be preferentially 
targeted to retrotransposons in sir4-42 strains. 
Three of the fifteen insertions in the sir4-42 strain occurred within the rDNA array, 
which accounts for about 10% of the S. cerevisiae genome (Cherry et al. 1997). To better 
characterize this apparent change in target specificity, we developed a PCR assay to 
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quantitate and map integration events within the rDNA repeats (Figure 5A). Ty5 insertions 
in the rDNA were amplified by PCR using rDNA- and Ty5 LTR-speciflc primers. Primers 
that amplify an internal portion of Ty5 served as a control for the PCR reaction and for the 
presence of Ty5 in the genome. Because Ty5-HIS3 cDNA can recombine with the 
endogenous his3-ll, 15 allele at a high frequency, we used Arad52 strains for this assay. We 
observed a remarkable increase in targeting to the rDNA in the sir4-42 strain (26%) 
compared to wild type (3%) (Table 6). A modest (~2-foId) increase was also observed in the 
Asir2 and Asir4 strains. 
Because the position of the primers within the rDNA is fixed, it was possible to map 
the approximate location of the insertions based on the size of the amplification products 
(Figure 5B). Two clusters of insertions were identified: one flanks the 5S gene and the other 
is near the junction of the 5.8S and 25S genes. Of the three rDNA insertions in sir4-42 that 
were identified by direct cloning (Table 5), two were located near the 5 S gene and one was 
within the 25 S hotspot. Similarly, of the three wild type rDNA insertions (Table 6), two 
were near the 5S and 25 S hotspots, and one was within the 18 S gene. In addition, there was 
no apparent preference to integrate on either strand of the rDNA. We conclude, therefore, 
that in sir4-42, not only is Ty5 target specificity changed, but the pattern of integration 
events within the rDNA locus is distinctly non-random. 
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Discussion 
Sir3p and Sir4p are important for Ty5 target specificity 
A general model to explain target specificity of the retroviruses and LTR 
retrotransposons invokes a physical interaction between the retroelement integration complex 
and chromosomal proteins (Bushman 1995). This tethers the integration complex to specific 
chromosomal sites, leading to the observed target site biases. This model is well supported 
by studies of the yeast Ty5 retrotransposons. We have previously identified a domain near 
the C-terminus ofTyS integrase, which when mutated, abolishes the preference of this 
element to integrate into silent chromatin (Gai and Voytas 1998). This suggests that 
integrase is the chromatin sensor. We have also shown that silent chromatin is required for 
Ty5 target specificity. Mutations in the HMR-E silencer that disrupt the assembly of silent 
chromatin (as measured by transcriptional silencing) also abolish targeting (Zou and Voytas 
1997). HMR-E binds three proteins or protein complexes — Abflp, Raplp and ORC — which 
in turn help to recruit the Sir proteins (Loo and Rine 1995; Lustig 1998). Because the Sir 
complex is found at both the telomeres and mating loci and is required for silencing, we felt 
that the Sir proteins were likely candidates for being recognized by the Ty5 integration 
complex. 
In this study, we tested Ty5 target specificity in strains with deletions in each of the 
four SIR genes. Deletion of either SIR3 or SIR4 resulted in a greater than nine-fold decrease 
in integration at the HM loci. When integration patterns were characterized at the 
chromosomal level, only 1/10 AsirS insertions and 1/9 Asir4 insertions were targeted to silent 
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chromatin (defined as 1.5 kb from the ACS within an HM silencer or the telomeric X repeat). 
This contrasts with approximately 90% targeting observed in wild type strains (Zou et al. 
1996a; Zou et al. 1996b). In Asirl, targeting to the HM loci was modestly affected (down 
2.44-fold). Sirlp acts primarily at the HM loci to help establish silencing (Pillus and Rine 
1989; Aparicio et al. 1991), and because Ty5 integrates efficiently at both telomeres and the 
HM silencers, this result was not unexpected. Asir2 strains had an intermediary effect: HM 
targeting was decreased 3.77-fold and 4/10 chromosomal insertions were targeted. Sir2p is 
required for transcriptional silencing at telomeres, HM loci and rDNA. The observation that 
targeting is partially functional in Asir2 strains indicates that transcriptional silencing and 
Ty5 target specificity are genetically separable. 
Although Sir3p and Sir4p are important for targeting, targeted transposition events 
were still recovered in Asir3 and Asir4 strains at frequencies approximating 10%; the target 
window (1.5 kb from an ACS within the HM silencers or X repeat) accounts for less than 1% 
of the genome (Cherry et al. 1997). This indicates that while targeting is greatly diminished 
in AsirS and Asir4 strains, insertions into silent chromatin still occur at frequencies 
significantly greater than random. This suggests that Sir3p and Sir4p are not the only factors 
important for Ty5 target specificity. The Ty5 integration complex may interact with multiple 
factors, or Sir3p and Sir4p may stabilize or recruit additional factors required for optimal 
targeting. Using our recently identified Ty5 targeting domain, we are currently employing a 
variety of genetic and biochemical means to identify candidate interactors. It is important to 
note, however, that at this time we cannot exclude alternative models to explain target 
specificity. For example, one model suggests that there may be a silent compartment within 
the nucleus (Boeke and Devine 1998). In such a scenario, the Ty5-encoded targeting domain 
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would serve as a localization signal to direct the integration complex to this sub-nuclear 
compartment. Once localized integration would take place into the available DNA, giving 
rise to the observed target bias. 
The Sir complex and Ty5 cDNA recombination 
In addition to their effect on Ty5 integration specificity, loss of Sir proteins 
influenced Ty5 cDNA recombination. We measured Ty5 integration or recombination by the 
His+ phenotype that results when Ty5 cDNA joins a plasmid or chromosomal substrate. 
Deletions of each of the SIR genes increased the overall frequency of His+ cell formation, and 
this increase was due to an increase in cDNA recombination. For Asirl, Asir2 and Asir3 
strains, plasmid recombination increased from 1.7 to 2.3 fold. Loss of Sir proteins results in 
the expression of the silent mating loci, and we previously observed comparable increases in 
cDNA recombination in strains with silencer mutations that express both a- and a- mating 
type information (Zou and Voytas 1997). In this study we assayed recombination in Asir 
strains that expressed only a-mating type information, and we found that most of the increase 
in cDNA recombination in the Asir single mutants was due to the change in the expression of 
mating type information. Integration also decreased slightly in Asirl, Asir2 and Asir3 strains. 
Such shifts in the balance of integration and recombination have been observed for Ty5 and 
Tyl as a consequence of mutations in integrase (Sharon et al. 1994; Ke and Voytas 1999). In 
the Asir strains, it is possible that cDNA is produced more efficiently or more cDNA is 
diverted to the recombination pathway. 
A particularly pronounced effect on cDNA recombination was observed for the Asir4 
strain. It showed a greater than 10-fold increase in the frequency of His+ cell formation, of 
which 91% of the events were due to plasmid recombination, 5.7% were due to chromosomal 
recombination and only 3.3% were integration events. This contrasts with wild type, in 
which 38% of the His+cells were due to plasmid recombination, 3.1% to chromosomal 
recombination and 58.9% to integration. The high frequency of His+cell formation in Asir4 
appears to be the result of contributions made by both the expression of the mating type loci 
and the loss of Sir4p. Although the mechanism by which this occurs cannot yet be 
ascertained, possibilities include a general increase in homologous recombination, inhibition 
of cDNA degradation, an increase in cDNA synthesis, or an alteration in the structure of the 
integration complex that makes more cDNA available for recombination. Recently, the Sir 
complex has been found to play a role — either directly or indirectly — in non-homologous 
end joining (NHEJ) (Astrom et al. 1999; Martin et al. 1999; Mills et al. 1999). The 
mammalian NHEJ pathway requires Ku70 and Ku80, DNA-binding components of the 
DNA-dependent protein kinase, which are required to complete retroviral integration (Daniel 
et al. 1999). Sir4p physically interacts with Hdflp — the yeast Ku70 homolog (Tsukamoto et 
al. 1997), and this may explain the decrease in integration efficiency observed in Asir 
backgrounds. The precise mechanism by which Sir4p and the other Sir proteins impact Ty5 
homologous cDNA recombination and integration is the subject of ongoing experimentation. 
rDNA targeting in sir4-42 
If the model for retroelement target specificity is correct, namely that integration 
complexes interact with chromatin, then changes in chromatin states that occur during the 
onset of developmental programs would be predicted to impact target specificity. The Sir 
complex undergoes a dramatic reorganization at the onset of senescence. 
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Immunofluorescence studies have demonstrated that SirSp and Sir4p move from the 
telomeres to the rDNA (nucleolus) as yeast cells age (Kennedy et al. 1997). Like in old 
cells, Sir3p and Sir4p are constitutively located within the nucleolus in strains carrying the 
sir4-42 allele. 
We have demonstrated that Ty5 target specificity is dramatically altered in sir4-42 
strains. Only 3% of Ty5 integration events occur within the rDNA in wild type strains, and 
this increases to 26% in sir4-42 strains. Not only does Ty5 follow the movement of the Sir 
complex, but also the distinct pattern of integration events within the rDNA suggests how 
this chromatin is organized. Ty5 insertions predominantly occur at two locations within the 
rDNA — one near the 5S rRNA gene and the other near the junction of the 5.8S and 25S 
genes. These regions are roughly coincident with binding sites for three proteins or protein 
complexes that assemble at the subtelomeric X repeats and the HM silencers (Figure 5). 
ORG and Abflp have been shown to bind on either side of the 5 S gene (Miller and Kowalski 
1993; Kang et al. 1995), and the 25S integration hotspot is largely coincident with a known 
Raplp binding site (Buchman et al. 1988). Although we cannot exclude a role for other 
rDNA-associated proteins, the distribution of Ty5 insertions suggests that the same cis-acting 
sequences responsible for the assembly of the Sir complex at the telomeres and mating loci 
may also nucleate the assembly of the Sir complex at the rDNA. Chemical crosslinking of 
Sir2p to the rDNA has previously shown that it is preferentially localized in the vicinity of 
the 5 S gene, supporting a non-random distribution of silencing factors within the rDNA 
(Gotta et al. 1997). Defining chromatin at the rDNA is an active area of investigation, 
particularly because of its role in aging, and as described more recently, because of its role in 
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the cell cycle (Shou et al. 1999; Straight et al. 1999). Monitoring Ty5 targeting patterns 
provides a new tool for dissecting rDNA chromatin dynamics. 
Approximately 74% of the insertions in sir4-42 are not associated with the rDNA. 
Among these, we observed a high incidence of insertions (6/15) into or near preexisting Tyl 
or Ty3 elements. In Asir4 strains, 2/9 insertions were also within or near Tyl elements. It 
may be that when targeting to silent chromatin is disrupted, Ty5 defaults to a Tyl-like 
targeting mechanism and recognizes the RNA polymerase III transcriptional apparatus. We 
do not find this explanation particularly compelling, however, because insertions into Tyl 
and Ty3 were not recovered in Asir2 or Asir3 strains, both of which have targeting defects. 
A second possibility is that the Ty-associated insertions in sir4-42 strains identify other sites 
at which silent chromatin assembles in genetically aged cells. Because of their dispersed 
nature, these loci are likely difficult to observe in immunolocalization studies of the Sir 
complex, and Ty5 therefore may be a more sensitive tool for monitoring chromatin changes. 
Aging is typically associated with a decrease in translational efficiency (Sinclair et al. 1998), 
and alterations in chromatin structure may be associated with genes other than the rDNA that 
encode components of the translational apparatus. Candidates include tRNA genes, which 
are Tyl and Ty3 integration hotspots and may explain the observed targeting pattern in sir4-
42. Recently, it has been shown that a Tyl LTR and tRNA gene can serve as boundary 
elements that delimit silent chromatin at the HMR locus (Donze et al. 1999). Alternatively, 
Ty5 may sense changes in chromatin assembled at native Ty insertions. A more exhaustive 
survey of insertions in sir4-42 strains will be required to identify significant targeting trends 
and to further develop these alternative hypotheses. Nonetheless, the data presented here 
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indicate that Ty5, and retrotransposons in general, may be powerful tools for dissecting the 
mechanisms underlying chromatin remodeling. 
Method 
Strains 
The genotypes and sources of the yeast strains used in this study are listed in Table 7. 
YSZ269, which carries the sir4-42 allele, was constructed by integrating plasmid pSZ289 at 
the TRP1 locus of JRY4582 (gift of Jasper Rine). pSZ289 was constructed by first cloning a 
Sacll/Clal fragment of SIR4 from pRS316-57/?4 ( gift of Jasper Rine) into pRS404 (Sikorski 
and Hieter 1989). This generated plasmid pSZ268. PCR was carried out with primers 
DV0408 and DV0409 to amplify the C-terminus of SIR4. Primer DV0408 generates a stop 
codon at amino acid 1238, which is the mutation found in the sij-4-42 allele (Kennedy et al. 
1995). The amplification product was cloned, and the entire sequence was confirmed by 
DNA sequencing. The mutagenized C-terminus was then used to replace the wild type 
fragment of pSZ268, generating pSZ286. A transcriptional terminator from MRP2 (Peterson 
and Myers 1993) was inserted into the SaWBglll sites downstream of the sir4-42 C-terminus 
to create pSZ289. One-step gene disruption was used to make aJl RAD52 deletions, using 
plasmids pSM20 (TRP1 marker) or pMS21 (LEU2 marker) (gift of L. Prakash and S. 
Prakash). Gene disruptions were confirmed by PCR with primers DV0392 and DV0393, 
which are complementary to the RAD52 gene. HMR deletion strains were constructed by one 
-step PCR gene disruption using primers DV01066 and DV010 69. HMR deletion s were 
confirmed by PCR and mating tests. 
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Integration and recombination assays 
All yeast strains carry the plasmid pNK254, which has a Ty5 element under 
transcriptional control of the GALl-10 promoter and a his3AI selectable marker gene (Ke and 
Voytas 1997). Yeast cells were initially grown as patches on synthetic complete media 
without uracil and with glucose (SC—U + glucose) at 30°C for 2 days. Patches were 
subsequently replica plated to complete media without uracil and with galactose (SC-U + 
galactose) to induce transposition and were grown at 23 °C for an additional 2 days. To 
calculate transposition efficiency, cells were scraped from the plates and resuspended in 1 ml 
of sterile water. For each patch, 100 (il of a 105-fold dilution was plated onto non-selective 
media (YPD) to calculate the total cell number. 100 |il of the original suspension (or a 10-
fold dilution) was plated onto selective media without histidine (SC-H) to select cells with 
Ty5 cDNA integration or recombination events. The frequency of His"1" cell formation was 
calculated as the ratio of the number of colonies on SC-H plates to the number of colonies on 
YPD plates adjusted by the dilution factor. To identify plasmid recombinants, His"1" colonies 
were streaked onto SC-H media with 5-fluoroorotic acid (SC-H + 5-FOA). 5-FOA selects 
against the URA3 gene (Boeke et al. 1987), and plasmid recombinants fail to grow on SC-H 
+ 5-FOA media because both the URA3 and HIS3 markers are carried on the same plasmid. 
The frequency of His"1" cells with chromosomal Ty5 insertions was calculated as the ratio of 
the number of colonies on SC-H + 5-FOA to the number of colonies on YPD plates. 
To distinguish between chromosomal recombination and integration events, yeast 
colony PCR was carried out with the His+/5-FOAr strains (Ausubel et al. 1987). Integration 
events were identified using a Ty5-specific primer (DV0496) and an HIS3-specific primer 
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(DV0208). A specific 0.6 kb fragment was amplified from genomic DNA of cells with Ty5 
integration events; no such band was amplified from DNA of His+/5-FOAr cells that had 
undergone gene conversion of his3-ll, 15. Another pair of primers (DV0308 and DV0309), 
that amplify a 0.9 kb fragment of the SNF6 gene served as a PCR control. Amplifications 
were performed for 30 cycles using the following program: 94°C for 1 min, 48°C for 1 min, 
and 72°C for 2 min, with a final extension step of 72°C for 10 min. Percent integration was 
calculated by dividing the number of the samples with both the 0.6 kb Ty5 fragment and the 
0.9 kb SNF6 control fragment by the total samples with the 0.9 kb SNF6 fragment. The 
overall transposition efficiency was calculated as the frequency of His+ cells with Ty5 on the 
chromosome times the percent integration. 
Mapping chromosomal Ty5 integration events 
To obtain strains with independent Ty5 integration events, His+ wild type or Asir 
strains were generated by the above transposition protocol. Chromosomal integration events 
were identified by the PCR method described above and confirmed by Southern blot analysis 
(Ausubel et al. 1987). Filters were hybridized with radiolabeled Ty5 integrase, long terminal 
repeat and HIS3 probes. His+/5-FOAr strains carrying one integrase band, two LTR bands 
and two HIS3 bands were considered integration events. His+/5-FOAr strains with no 
integrase band and no LTR bands and only one HIS3 band were considered to have arisen by 
gene conversion of the endogenous his3-ll, 15 allele by the HIS3 marker on the Ty5 cDNA. 
Sequences flanking the Ty5 integration sites were amplified as previously described by 
inverse PCR (Zou et al. 1996a), sequenced and mapped onto the complete S". cerevisiae 
genome sequence (Cherry et al. 1997). 
54 
A PCR Assay to monitor Ty5 integration near the HM loci 
Pools of genomic DNA were prepared from 10 His+/5-FOAr strains representing 10 
independent chromosomal events (Ausubel et al. 1987). The majority of His+/5-FOAr strains 
were assumed to have only one Ty5 element as supported by the previous characterization of 
more than 70 His+/5-FOAr strains (Zou et al. 1996a; Zou et al. 1996b; Zou and Voytas 1997). 
Integration events near the HM loci were identified and confirmed by PCR screening with 
four groups of four primers. Each group included two Ty5 LTR-specific primers (DV0495 
and DV0496) and two primers that amplified a ~2 kb window flanking one of the silencers 
(HML-E, DV0247 and DV0212; HML-l, DV0251 and DV0252; HMR-E, DV0211 and 
DV0212 or HMR-1, DV0251 and DV0253). Since DNA from most of the strains in each 
reaction did not have a Ty5 element near the tested silencer, the presence of the ~2 kb band 
served as a control for the PCR reaction. Amplifications were performed with 50 ng of the 
pooled genomic DNA for 30 cycles using the following program: 94°C for 1 min, 48°C for 1 
min, and 72°C for 3 min, with a final extension step at 72°C for 10 min. 
A PCR assay to monitor Ty5 integration within the rDNA 
Genomic DNA was prepared from individual His+/5-FOAr strains, each representing 
independent chromosomal integration events. Insertions within the rDNA were identified 
and confirmed by PCR screening. Each reaction included three Ty5-specific primers 
(DV0495, DV0496 and DV0583) and four primers complementary to the same rDNA 
strand (Group 1: DV0553, DV0554, DV0555, DV0556; Group 2: DVQ575, DVQ576, 
DV0577, DV0578. The entire 9.1 kb rDNA repeat was covered by the eight rDNA primers 
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so that any Ty5 insertion within the rDNA could be identified by two rounds of PCR. The 
amplification of a 1.6 kb Ty5 fragment by DV0583 and DV0495 served as a control for the 
PCR reactions and indicated the presence ofTyS in the genome. Once an insertion was 
identified, additional rounds of PCR were conducted with individual Ty5 and rDNA primers 
to confirm its presence and to map it within the rDNA. Amplifications were performed with 
50 ng of DNA for 30 cycles using the following program: 94°C for 1 min, 60°C for 1 min, 
and 72°C for 2 min, with a final extension step at 72°C for 10 min. 
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Table 1. Ty5 integration and recombination in wild type and Asir strains. 
Genotype Frequency of His+ Percent plasmid Percent Percent Integration Fold reduction in 
cell formation recombination chromosomal chromosomal frequency integration 
(10"6) recombination integration (10'6) frequency 
wild type 4.64+1.62 38.0% 3.1% 58.9% 2.73 NA 
Asirl 5.78±0.40 64.8% 1.2% 34.0% 1.96 1.4 
Asir2 11.7±0.14 87.2% 2.1% 10.7% 1.25 2.2 
Aw-3 7.56+Î.25 78.2% 2.6% 19.2% 1.45 1.9 
Asir4 51.8+1.77 91.0% 5.7% 3.3% 1.71 1.6 
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Table 2. Ty5 integration in homologous recombination deficient yeast strains. 
Genotype Integration frequency Fold reduction in 
(10"6) integration frequency 
Arad52 2.08 + 0.27 NA 
Asir2 Arad52 0.30 + 0.08 6.81 
Asir3 Arad52 0.44 + 0.11 4.68 
Asir4 Arad52 0.38 + 0.16 5.42 
sir4-42 Arad52 0.62 + 0.08 3.34 
62 
Table 3. The targeting efficiency ofTyS to HM loci in wild type and Asir strains. 
Genotype Chromosomal Effective Insertions Percent Fold reduction 
events integration near HM HM in HM 
characterized eventsa silencers targeting targeting 
wild type 200 190 12 6.32% NA 
Asirl 200 193 5 2.59% 2.44 
Asir 2 210 175 3 1.71% 3.70 
Asir3 340 300 2 0.67% 9.43 
Asir4 230 84 0 NA NA 
8 Effective integration events are calculated as the product of the chromosomal events 
characterized and the percent chromosomal integration (from Table I) divided by the sum of 
the percent chromosomal integration and the percent chromosomal recombination (from 
Table 1). 
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Table 4. Chromosomal distribution ofTyS insertions in Asir strains . 
Strain Chr No. Coordinate Location3 Nearby Chromosomal Features 
Asir2 
T3 I -600 T Within YAL069W, —153 bases from X repeat 
ACS 
T4 VII 287 T 446 bases from ACS in X repeat 
T17 IX or X -8424 T -695 bases from ACS in X repeat 
T10 III 293099 T Within HMR, 506 bases from ACS in HMR-l 
T8 XIV -1000 NT Within Y', 6165 bases from core X repeat 
T28 XII 455677 R Between genes for 5.8S and 18S rRNA 
T4 VI 1511923 D Between PAD] and YDR539W 
T18 XI 67821 D Between MNN4 and YKT9 
T12 XIV 91046 D Within YNL288W 
T20 XV 891622 D Between YQR306C and SLY41 
Asir 3 
H29 III 1568 T Within Ty5-1 (YCLWTy5-l), 515 bases from 
ACS in X repeat 
HI 1 IX or X 87 NT Within Y', 7632 bases from ACS in X repeat 
H36 IX or X -97 NT Within Y\ —7622 bases from ACS in X repeat 
H25 IX or X 395 NT Within Y\ 7324 bases from ACS in X repeat 
H24 I 124455 D Between FUN31 and TPD3 
H31 IV 131105 D Within YDL183C 
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Table 4. Continued. 
HI IV 1186012 D Between TRP4 and YDR355C 
H12 V 260751 D Between YER053C and GIP2 
H 6 XV 721754 D Between PET56 and HIS3 
H5 XVI 105640 D Between TFP3 and YPL233W 
H4 XVI 396718 D Within SEN54 
Asir4 
F4 XII 11487 T Between YLL066C and YLL065W, 550 bases 
from ACS in X repeat 
F47 X 483062 Ty Within Tyl element YJRWTyl-2 
F19 XII 796771 NTy Within YLR333C, 127 bases from Tyl 
insertion 
F10 IV 309450 D Between RPL13A and RPLA1 
F6 VII -330801 D Between VPS45 and PAN2 
F36 XI 557166 D Between YKR060W and KTR2 
F3 XII 830607 D Between YLR351C and YLR352W 
F37 XIV 317917 D Between PSD I and YNL168C 
F9 XV 825909 D Within YOR268C 
"Location: T indicates targeted insertions at the telomeres or HM loci; NT indicates telomeric 
insertions that do not meet our definition for targeting; R indicates insertions within the 
rDNA; Ty indicates insertions within Ty elements; NTy indicates insertions within 750 bases 
of a Ty element; D indicates dispersed insertions with no apparent target specificity. 
65 
Table 5. Chromosomal distribution of Ty5 insertions in sir4-42. 
Strain Chr No. Coordinate Location3 Nearby Chromosomal Feature 
A19 I 165824 Ty Within Tyl LTR (YARCdelta5) 
A68 V 496010 Ty Within Ty 1 (YERCTy 1 -2) 
A129 XIII 199915 Ty Within Tyl (YMLWTyl-2) 
A126 XVI 56341 Ty Within Ty3 LTR (YPLWsigmal) 
A91 V 311723 Nty Between PTP3 and tA(UGC)E, 547 bases 
from Tyl LTR (YERWdeltal 1) 
A17 VIII 117119 Nty 65 bases from Tyl LTR (YHRCdelta4) 
A99 XII 454867 R Within gene for 25S rRNA 
A103 XII 458723 R Between genes for 18S and 5S rRNA 
A20 XII 460656 R Near gene for 5S rRNA 
A13 III 2685 NT Within Ty5 element (YCLWTy5-l), 1632 
bases from ACS in X repeat 
A89 II 161776 D Within SHE1 
A72 II 629008 D Between CDC47 and YBR203W 
A69 VIII 506793 D Within YHR204W 
A62 IX 138988 D Between RPI1 and RH03 
A8 XIV 733878 D Within BI04 
"Location: Ty indicates insertions within Ty elements; NTy indicates insertions within 750 
bases of a Ty element; R indicates insertions within the rDNA; NT indicates telomeric 
insertions that do not meet our definition for targeted events; D indicates dispersed insertions 
with no apparent target specificity. 
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Table 6. Targeting efficiency of Ty5 to rDNA in wild type and _sir strains. 
Genotype Chromosomal events Number of Percent 
characterized rDNA insertions rDNA insertions 
Arad52 ÏÔÔ 3 3.0% 
Asir2 Arad52 102 6 5.9% 
Asir4 Arad52 94 6 6.4% 
sir4-42 Arad52 1 1 3  2 9  2 6 %  
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Table 7. Yeast strains and oligonucleotides used in this study. 
Strain Genotype Source 
W303-1B MATa ade2-l canl-100 his3-l 1,15 leu2-3 trpl-1 ura3-l Alan Myers 
AMR26 W303-1B sirl::LEU2 Rolf Stemglanz 
YDS71 W303-1B sir2::TRPl Rolf Stemglanz 
YDS73 W303-1B sir3::LEU2 Rolf Stemglanz 
YAB61 W303-1B HMR-E aeb Rolf Stemglanz 
JRY4582 W303-1B ADE2 A lys2 sir4::LEU2 Jasper Rine 
YSZ269 JRY4582 TRP1 sir4-42 This study 
YYZ1 W303-1B rad52::TRPl This study 
YYZ3 YDS71 rad52::LEU2 This study 
YYZ4 RS862 rad52::LEU2 This study 
YYZ5 JRY4582 rad52::TRPl This study 
YYZ48 YSZ269 rad52::TRPl This study 
YYZ212 JRY4582 hmr::TRPl This study 
YYZ213 AMR26 hmr::TRPl This study 
YYZ214 YDS71 hmr::LEU2 This study 
YYZ215 YDS73 hmr::TRPl This study 
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Table 7. Continued. 
Oligo Sequence Gene 
DV0208 5'-C AGCCGGAAT GCTT GGCC A-3 ' 
DV0308 5'-AG AT CT C ACC AT GGAAAGGCTTCG-3 ' 
DV0309 5'-AT CGAT GAACGGCT C ATT GGAATAA-3 ' 
DVQ392 5' - AT CT CC AAG AG AGTT GGG 
DV0393 5'-GCCTCAGCAGGTGCGGCC 
DVQ495 5'-CCATAGTTTCTGTGTACAA<jAGT-3' 
DV0496 5'-CTT GTCTAAAAC ATTACT G A AAC AAT -3 ' 
DVQ583 5'-GGAC AAAT AGT GTATT C AGCCGT C-31 
DVG247 5'-C ACGAGCTC AT CTAG AGCC-3 ' 
DV0212 5-ACCAGAGAGTGTAACAACAG-3' 
DV0251 5'-TGCT G AAGT ACGT GGT G AC-3 ' 
DV0252 5'-TTCTCGAAGTAAGCATCAAC-3' 
DV0211 5'-T GGT AG AAGC AGT AGT AACT-3 ' 
DV0253 5AGCCCTATTCGCGT CGT G-3 ' 
HIS3 
SNF6 
SNF6 
RAD 5 2 
RAD52 
Ty5 LTR 
Ty5 LTR 
Ty5 GAG 
HML-E 
HMR-E and HML-E 
HMR-I and HML-I 
HML-I 
HMR-E 
HMR-I 
DV01066 5 ' CCCG ACTAT GCT ATTTTAAT C ATT GAAAACG HMR 
AATTTATTT AG ATT GT ACT GAG AGTGC AC-3 ' 
DV01069 5TAT CGT CAT ATAC AAAT CTAG AAATTACC A HMR 
GAGCT AT CC ACT GT GCGGT ATTTC AC ACCG-3 ' 
DV01070 5' -T ACGAAGATT CT CG ATT CCG HMR 
DV01079 5'-TTACTGTTGCGGAAAGCTGA HMR 
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Table 7. Continued. 
DV0553 5-CACCCACTACACTACTCGGTCAGG-3' rDNA 
DVQ554 5'-ATCT GGTT GAT CCT GCC AGTAGT C-3 ' rDNA 
DVQ555 5'-T CT GTTT GGTAGT G AGT GAT ACT C-3 ' rDNA 
DVQ556 5'-AGACCCTGTTGAGCTTGACTCTAG-3' rDNA 
DVG575 5'-TT CCGC ACCTTTT CCT CT GTCC AC-3 ' rDNA 
DVQ576 5'-AAGACCCG AAT GGGCCCTGT ATCG-3 ' rDNA 
DVQ577 5'-AG AGGGC AC AAAAC ACC AT GT CT G-3 ' rDNA 
DVQ578 5'-T AT CCGAAT GAACT GTT CCT CT CG-3 ' rDNA 
DV0408 S'-GGACTAGTTAAGTACC AGTTTGTGAATGT-3 ' sir 4-42 
DV0409 5'CCC AAGCTTAC AGAAC AAGCCTGATGC A-3 ' SIR4 
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Figure Legends 
Figure 1. An assay to monitor Ty5 integration and recombination. The Ty5 donor element 
carries a his3AI marker gene that is interrupted by an artificial intron. The intron is in the 
incorrect orientation to be spliced from the HIS3 transcript; however, it can be spliced from 
the Ty5 mRNA, and a functional HIS3 gene is generated only when the spliced transcript is 
reverse transcribed. Ty5 cDNA can either integrate into its target or recombine with 
homologous substrates. Because the yeast genome contains only a few degenerate Ty5 
elements (Kim et al. 1998), recombination primarily occurs with the plasmid-bome his3AI 
marker or the chromosomal his3-ll, 15 allele (Ke and Voytas 1999). Plasmid recombination 
and chromosomal events (either recombination or integration) can be distinguished by 
growth on synthetic complete media without histidine and with 5-FOA (SC-H + 5-FOA). 5-
FOA selects against the plasmid-bome URA3 gene (Boeke et al. 1987), and strains that are 
His+ due to plasmid recombination will not grow on SC-H + 5-FOA media. Chromosomal 
recombination and integration are then distinguished by Southern blot analysis or PCR 
screens (see Methods). 
Figure 2. Ty5 cDNA plasmid recombination in Asir and AsirAhmr mutants. The frequency 
of His+ cell formation and the percentage of plasmid recombination were measured as 
described in the Methods and the legend to Figure 1. All strains are MATa. The value 
above each bar is the percentage of plasmid recombination. 
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Figure 3. Gene conversion of his3-ll,15 by Ty5 cDNA is enhanced in Asir4 strains. Ty5 
transposition was induced in wild type or Asir4 strains, and DNA was prepared from twelve 
independent His+/5-FOAr strains. DNA was digested with Hpal, which cuts 2.4 kb from the 
5' end of the 6.4 kb Ty5 element. Southern filters were prepared and hybridized with an LTR 
probe (panels A and B). Filters were stripped and rehybridized with a HIS3 probe (panels C 
and D). The presence of Ty5 in a given strain is indicated by hybridization to the LTR probe. 
In all cases, strains with Ty5 LTRs also had two restriction fragments that hybridized to HIS3 
— one representing the HIS3 marker in Ty5 and the other the his3-ll, 15 allele (indicated by 
the arrow). His+ strains lacking Ty5 sequences were considered to have arisen by gene 
conversion of the his3-Il,15 allele by Ty5 cDNA. These lanes are marked with asterisks. 
Figure 4. A PGR assay to identify Ty5 insertions near the HM loci. At both the HML and 
HMR loci, E and I represent the flanking transcriptional silencers. W, X and Z are 
homologous regions shared between the HML, HMR or MAT. Y a. and Ya are specific for 
HML and HMR, respectively. Transcripts (al, a2 al, a2) at each locus are shown by the 
longer horizontal arrows. Primers used in the PGR amplifications are labeled with their 
DVO designator. DNA was prepared in pools, each consisting of 10 independent His+/5-
FOAr strains. The pooled DNA was amplified four times to detect integration events within 
an approximately 2 kb window near each of the four HM silencers. Each reaction included 
two Ty5-specific primers (DV0496, DV0495) and two primers flanking a given silencer 
(e.g. DV0247 and DV0212 for HMR-E). Because most strains did not carry a Ty5 insertion 
within the tested interval, amplification from the primers flanking the silencer generated a 
fragment of approximately 2 kb; this fragment served as an internal control for the PGR 
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reactions. Fragments smaller than 2 kb indicated the presence of a Ty5 insertion, which was 
then confirmed by amplifying the pooled DNA through additional rounds of PGR with 
individual Ty5 and silencer primers. 
Figure 5. (A) A PGR assay to identify Ty5 insertions within the rDNA. Genomic DNA was 
extracted from individual His+/5-FOAr strains, each representing an independent Ty5 
integration event. Insertions within the rDNA were detected by PGR using three Ty5-
specific primers and four rDNA primers, all of which were complementary to the same DNA 
strand. Two of the Ty5 primers amplify an internal portion of the element; this served as a 
control for the PGR reaction and demonstrated that Ty5 was present in the genome. An 
amplification product other than the Ty5 control fragment indicated an insertion within the 
rDNA. Additional PGR reactions with individual rDNA primers made it possible to pinpoint 
the integration site. Open boxes represent the 18S, 5.8S, 25S and 5S rRNA genes. The 
direction of transcription is indicated. ABF1 and RAP1 indicate characterized binding sites 
for these proteins (Buchman et al. 1988; Kang et al. 1995); ARS is an origin of DNA 
replication (Miller and Kowalski 1993). Oligonucleotides used in the PGR assay are labeled 
by their DVO designator. 
(B) The location of Ty5 insertions within the rDNA. The vertical arrows indicate sites of 
insertion. Arrows with circular tails indicate the three rDNA insertions identified from the 
100 wild type strains in Table 6. All others represent the 29 insertions identified in sir4-42 
(Table 6). Arrows pointing down indicated insertions in the same 5' to 3' orientation as the 
35S rDNA; arrows pointing up represent insertions in the opposite orientation. 
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CHAPTER III. TETHERED Sir4p CREATES AN INTEGRATION HOT SPOT FOR 
YEAST RETROTRANSPOSON Ty5 
A manuscript to be submitted to Nature Genetics 
Yunxia Zhu 1 and Daniel F. Voytas 2 
Summary 
The nonrandom distribution of retrotransposons and retroviruses in their host 
genomes suggests that they actively select integration sites 1,z. The integration site specificity 
is particularly strong for retrotransposons, which rely on their host to persist and use 
targeting to avoid disrupting important host sequences 3. The Saccharomyces retrotransposon 
Ty5 preferentially integrates into domains of silent chromatin at telomeres and silent mating-
type loci 4,s. Here we demonstrate that the interaction between integrase and the host factor, 
silent information regulator four (Sir4p), is the driving force for Ty5 target specificity. 
Tethering the SIR4 C-terminus to non-silent chromatin creates Ty5 integration hotspots. 
These findings should make it possible to do site-specific genome manipulation and to 
develop better gene therapy vectors, whose integration sites can be controlled. 
1 Primary researcher and author. 
2 Associate Professor and corresponding author. Department of Zoology and Genetics, Iowa 
State University, IA 50011 
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We previously showed that Saccharomyces retrotransposon Ty5 preferentially 
integrates into domains of silent chromatin at telomeres and silent mating-type loci. 4. Target 
specificity is significantly impaired in sir3A or sir4 A strains, in which silent chromatin at 
telomeres and silent mating-type loci is disrupted 6. The target specificity is dramatically 
altered in strains carrying a carboxyl-terminal truncated allele of S1R4 (sir4-42), which 
prolongs the life span of yeast cells 1. The Sir complex relocalizes from telomeres to the 
rDNA (nucleolus) in sir4-42 strains as well as in aged yeast cells 8. The redistribution of Sir 
complex was proposed to cause a delay of senescence by countering the accumulation of 
extrachromosomal rDNA circles 9. The frequency of Ty5 integration in rDNA increases 
dramatically in sir4-42 strains, indicating that Ty5 follows the chromosomal distribution of 
the Sir complex 6. 
Because of the importance of Sir3p and Sir4p in Ty5 targeting, we tested for 
interaction between integrase and these proteins. We detected interaction between Ty5 
integrase C-terminus (amino acids 879-1136 of Ty5 ORF) and the Sir4p C-terminus (amino 
acids 950-1358) using two-hybrid and in-vitro binding assays l0. The interaction was greatly 
weakened by a point mutation (S1094L) within the targeting domain of integrase, which 
dramatically decreases target specificity n. The above evidence suggests that the targeting of 
Ty5 to silent chromatin is mediated by interaction between integrase and Sir4p. 
SIR4 encodes a 1358-amino acid protein, which has multiple functional domains 
revealed by genetic and biochemical studies (Figure la). To further map the region of Sir4p 
that is required for interaction with integrase, several SIR4 C-terminal fragments were fused 
to the LexA DNA-binding domain. The proteins encoded by these fusion constructs were 
tested in two-hybrid assays for their ability to interact with fusion proteins between integrase 
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and the Gal4p transcriptional activation domain fusion (GAD-INC). A fusion protein 
expressing the Sir4p C-terminus, spanning amino acids 951-1358, was used as a positive 
control, since it has been shown to interact with integrase in our previous study l0. The 
strength of interaction was assayed by the expression of reporter genes under the control of 
upstream LexA operators I2. The expression of the HIS3 reporter gene was measured by cell 
growth on media lacking histidine in the presence of the inhibitor 3-amino 1,2,4-triazoI CS­
AT). Since the sir4-42 allele causes dramatic change of Ty5 target specificity, we made a 
LexA-SIR4 (aa 951-1237) that is missing the same C-terminal fragment as the protein 
encoded by the sir4-42 allele. This fusion was able to interact with integrase although at 
reduced levels (Figure lb). LexA-SIR4 (aa 951-1275) interacts with integrase almost as 
strongly as LqxA-SIR4 (aa 951-1358). This observation strongly suggested that the 
interacting domain remains in the protein expressed by sir4-42 and that the targeting of Ty5 
to rDNA in sir4-42 strains is the result of interaction between integrase and this truncated 
protein. 
One of the SIR4 constructs tested was LexA-SIR4 (aa 982-1358), which differs from 
LexA-SIR4 (aa 951-1358) by only 30 amino acids. However, LexA-SIR4 (aa 982-1358) lost 
the ability to interact with integrase completely (Figure lc). We then made a series of 
deletions across the 30 amino acids, such that the LexA-S7i?4 constructs expressed fragments 
spanning amino acids 961-1358, 971-1358, and 976-1358. The SIR4 fragments spanning 
amino acids 961-1358 and 971-1358 interacted with integrase, whereas the fragment 
spanning amino acids 976-1358 did not. This indicated that the critical region spans the five 
amino acids 971 to 975. To pinpoint essential residues, we replaced each of the five amino 
acids with alanine. Substitutions at tryptophan 974 and arginine 975 were found to disrupt 
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the two-hybrid interaction, whereas substitutions at lysine 971, serine 972, and serine 973 did 
not (Figure Id). All of the LexA-SIR4 fusions were expressed at similar levels based on 
western blots using a LexA-specific antibody (data not shown). 
The Ty5 targeting domain that spans six amino acid residues near the C-terminus of 
integrase was defined previously, and mutations within the targeting domain were shown to 
disrupt target specificity l0. To test whether the interaction with Sir4p is consistent with the 
requirements for targeting, we measured several integrase fragments that have mutations 
within the targeting domain. The mutated integrase fusion proteins lost their ability to 
interact with Sir4p (Figure 2a). The Ty5 targeting domain (expressed as a GBD fusion with 
nine amino acids, six of which constitute the targeting domain) nucleates silent chromatin 
when tethered to a weakened HMR-E silencer and it disrupts telomeric silencing when over-
expressed I0. We tested whether the targeting domain is sufficient for the interaction with 
Sir4p. The targeting domain (the same nine amino acids used in the previous study) was 
expressed as a GAD fusion (GAD-TD). GAD-TD interacts with Sir4p in two-hybrid assays 
while the mutant (GAD-td, S1094L) does not (Figure 2b). The two-hybrid data support our 
model that the interaction between integrase targeting domain and a host factor results in 
target specificity. 
To test whether the interaction between integrase and Sir4p is the driving force for 
Ty5 target specificity, we developed a tethered integration system to measure integration to a 
target plasmid (Figure 3a). The yeast cells used in the assay carry three plasmids, one is the 
Ty5 donor plasmid, one expresses LexA-SIR4 fusions, and one is the target plasmid. The 
target plasmid has zero, one, two, three, or four copies of the overlapping, double LexA 
operator found upstream of the colicin El gene 13,14. The LexA operators are flanked by 3-kb 
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and 4-kb sequences from Arabidopsis, which serve as buffer sequences for the insertion of 
Ty5. The target plasmids carry a chloramphenicol resistance gene, which enables us to 
distinguish them from other plasmids when recovered in E. coll. Ty5 transposition was 
induced as described in our previous paper 6. The transposition events were selected by 
growing the induced cells on media lacking histidine, because reverse transcription 
reconstitutes a functional HIS3 gene from the non-functional his3AI engineered into the 
donor Ty5. Ty5 cDNA can integrate to target plasmids, chromosomes, or other plasmids in 
the cells. The His+ cells were collected and total DNA was prepared. The DNA was used to 
transform competent E. coli cells with a mutated hisB gene, which can be complemented by 
HIS3 gene from Saccharomyces cerevisiae (David A. Wright unpublished data). After 
transformation, the E. coli cells were selected for chloramphenicol resistance (Chlr) to 
determine the number of target plasmids and for both chloramphenicol resistance and 
histidine prototrophy (ChfHis"1) to determine the number of target plasmids with Ty5 
insertions. The ratio of ChlrHis+ to ChT was used to measure the efficiency of tethered 
integration to the target plasmids. 
Ty5 integrated into the target plasmids with LexA-SIR4 (aa 951-1358) fusion proteins 
tethered to the DNA through LexA operators (Figure 3b). A very low percentage of 
insertions (0.026%) were recovered to the target plasmids without LexA operators. A 
relatively low percentage (0.22%) of integration into the target plasmids was observed with 
one copy of the LexA operator. Four copies of the LexA operator created a Ty5 integration 
hotspot, with 13.86% of the target plasmids having Ty5 insertions. Two and three copies of 
the LexA operator showed intermediate efficiencies in creating Ty5 target sites (1.97% for 
two copies and 6.41% for three copies). The difference caused by the copy number of LexA 
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operators on the target plasmids indicated that stable and abundant binding of the Sir4p C-
terminus to the target plasmid is the determinant for tethered integration. 
Several Ty5 insertions within the target plasmids were characterized. Target site 
duplications were observed for all Ty5 insertions, indicating that they were generated by 
bona fide integration. There was no obvious homology for the DNA sequences at target sites. 
Ty5 integrated very close to the LexA operator (Figure 3c). The distances of integration from 
the LexA operator ranged from 10 base pairs to 90 base pairs. This contrasts with the 
integration pattern near HMR-E or X-repeats, which typically happens within a 3 kb window. 
The orientation of the four LexA operators is shown in Figure 3 c; note that the leftmost three 
are in one orientation and the rightmost one is in the opposite orientation. Ty5 insertions 
seem to prefer one side of the LexA operator arrays. This observation was unexpected. The 
LexA operator on the target plasmid is composed of two overlapping "SOS boxes" [Ebina, 
1983 #1495]. The left binding site has strong homology to the consensus LexA binding 
sequence. However, LexA protein binds to both left and right binding sites with the same 
affinity. LexA protein tends to dimerize and the orientation of the LexA operators might 
affect the stability of binding. The uneven distribution of the Ty5 insertions might be the 
result of the uneven binding of LexA-SIR4 fusion protein, which contacts Ty5 integrase. 
Only the Sir4p fragments that interact with integrase could direct Ty5 to the target 
plasmids in the tethered integration assays (Figure 4a). When tethered to the plasmids, LexA-
SIR4 (aa 951-1358) (13.86%) and LexA-SIR4 (aa 971-1358) (10.86%) created target sites for 
Ty5 integration, whereas LexA-SIR4 (aa 982-1358) failed (0.079%). LexA-SIR4 (aa 971-
1358) with an R975A mutation, however, created target sites for Ty5 integration (9.53%) as 
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efficiently as LexA-SIR4 (aa 971-1358). This contradicts the two-hybrid result, in which, 
R975A mutation abolished the interaction with integrase. 
We performed the tethered integration assay on one of the targeting domain mutants, 
Ty5-M3 (S1094L). The percentage of the target plasmids with Ty5-M3 insertions was 
significantly lower than for wild type Ty5 (0.438% vs. 13.86%). The distance of Ty5-M3 
integration from the LexA operator was significantly greater than wild type Ty5 (about 3000 
base pairs vs. less than 100 base pairs). These results further confirmed that the targeting 
domain is required for Ty5 targeted integration. 
Since Sir3p and Sir4p are important for the targeted integration of Ty5 to silent 
chromatin, and because loss of Sir2p decreases targeting efficiency, we tested whether the Sir 
proteins are required for the interaction between the Sir4p C-terminus and integrase. The 
SIR2, SIR3and SIR4 genes were individually deleted from the two-hybrid yeast strain L40. 
There were no differences for the two-hybrid interactions between hexA-SIR4 (aa 951-1358) 
and GAD-INC in any of the SIR deletion strains based on the growth of yeast cells on the 
selective media (Figure 5a). The two-hybrid interaction data indicated that none of the Sir 
proteins was required for the interaction between Sir4p and integrase. Furthermore, none of 
the Sir proteins was required for the tethered integration (Figure 5b). The percentages of 
target plasmids with Ty5 integration in the SIR deletion strains were not significantly 
different from the wild type strains (sir2A was 11.17%, sir3A was 14.45%, sir4A was 
10.95%, wild type was 13.86%). These results, along with our in vitro binding data 10 
strongly suggest that the targeting specificity of Ty5 is the result of protein-protein 
interaction between Ty5-encoded integrase and the host factor Sir4p. 
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We expect that the findings described here could provide a starting point for the 
modification of target specificity of other retroelements, such as the retroviruses. Generally, 
retroviruses exhibit less target specificity for their integration. The understanding of the 
retrotransposon targeting mechanism may lead to genetic engineering of retroviruses to be 
more site-specific and hence better gene therapy vectors. 
Methods 
Plasmids and strains 
The C-terminus aa 951-1358 of SIR4 was amplified from plasmid pRS316-SIR4, which 
contains the SacII/Clal fragment of SIR4 ORF and flanking sequence (gift of Jasper Rine, 
University of California, Berkeley), using PCR with primers DVOl 138 and DVOl 194. The 
amplification product was cloned into the EcoRI/BamHI sites of vector pBTMl 16.15 to 
generate plasmid pYZ127, which expresses the LexA DNA-binding domain-57J?4 fusion 
protein LexA-SIR4 (aa 951-1358). The same strategy was used to generate plasmid pYZl 11 
ÇL&XA-SIR4 (aa 951-1237)) with primers DVOl 138 and DVOl089, pYZ218 (LexA-SIR4 (aa 
951-1251)) with primers DVOl 138 and DVOl211, pYZ128 (LexA-SIR4 (aa 982-1358) with 
primers DVOl 139 and DVOl 194, pYZ254 (LexA-SIR4 (aa 961-1358) with primers 
DVOl323 and DVOl 194, pYZ255 ÇLexA-SIR4 (aa 971-1358) with primers DVOl324 and 
DVOl 194, pYZ279 (LqxA-SIR4 (aa 976-1358) with primers DV01357 and DVOl 194. 
Plasmid pYZ199 (LexA-SIR4 (aa 951-1251)) was generated by cloning a SIR4 EcoRl/EcoRV 
fragment from pYZ127 to EcoRI/Smal sites of pBTMl 16. The plasmids pYZ348, pYZ303, 
pYZ321, pYZ322, pYZ304, pYZ349 are identical to pYZ255, except that each has one 
alanine substitution introduced by PCR at residue 971 to 976. Plasmid pYZ275 was 
generated from pBTMl 16 by replacing the TRP1 marker with a LEU2 marker. Plasmid 
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pYZ276 expressing LexA-SIR4 (aa 951-1358) was generated by cloning the SIR4 fragment 
from pYZ127 into pYZ275. Plasmid pYZ305 expressing LexA-57/?4 (aa 982-1358) was 
generated by cloning the SIR4 fragment from pYZ128 into pYZ275. Plasmid pYZ307 
expressing LexA-SIR4 (aa 971-1358) was generated by cloning the SIR4 fragment from 
pYZ255 into pYZ275. The C-terminus of Ty5 integrase (aa 934-1131 of the Ty5 ORF) was 
amplified from pNK254 16 using PCR with Primers DVOl 141 and DVOl 144. The 
amplification product was cloned into the SmallPstl sites of pGAD-Cl 17 to generate plasmid 
pYZ97, which expresses the Gal4 activation domain-integrase C-terminus fusion protein 
(GAD-INC). The same strategy was used to generate plasmid pYZ120, pYZ193, pYZ194, 
and pYZ195, which express GAD-integrase fusion proteins with targeting domain mutations. 
The templates used are Ty5 mutants M3 u, rut3, rut38, and rut41 10. The plasmid expressing 
GAD-TD (pYZ120) was generated by inserting a short DNA fragment created from two 
complementary oligonucleotides DV0690 and DV0691 10 into the EcoRI/BamHI sites of 
pBTMl 16. The GAD-td construct (pYZ131) is identical, except that it has the S1094L 
mutation. The Ty5 donor plasmid pYZ306 is identical to pDR14 (Gao, unpublished), except 
it has the same targeting domain mutation as M3. Plasmid pYZ317 was generated by 
inserting 3-kb and 4-kb DNA fragments from Arabidopsis into the EcoRI site and Sac I site of 
plasmid pXW52. Plasmid pXW52 was generated by replacing the Ampr gene (Scal/Xhol 
fragment) of pRS424 with Chlr gene (Xmnl/Xhol fragment) from pBC SK(+) (Xiaowu Gai, 
unpublished). One, two, three or four copies of a BamHI-oxià&à. double-stranded 42-mer that 
contains the overlapping double LexA operators found upstream of the colicin El gene 13'14, 
with the plus-strand sequence 5'-
GATCCTGCTGTATATAAAACCAGTGGTTATATGTACAGTACG-3' were inserted into 
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the BamHI site (between the EcoRI and SacI sites) of pYZ317 to generate the target plasmids 
pYZ313. pYZ314, pYZ315, and pYZ316. One-step PCR knockout method was used to 
generate the SIR deletion yeast two-hybrid strains from L40 12. Primers 5'-
AT G ACC AT CCC AC ATAT GAAAT ACGCCGTAT C AAAG ACT AGCCGTACGCT GC AG 
GTCGACG-3' and 5'-
TTAG AGGGTTTT GGG AT GTT CAT CT GAT GT AACG AC ATAC AC AT CG AT G AATT C G 
AGCTC-3' were used to amplify the KanMX4 gene from plasmid pFA6a-kanMX4 18 and 
knock out the whole open reading frame of SIR2. Primers 5'-
AT GGCT AAAAC ATT G AAAG ATTT GGACGGTT GGC AAGTTATCCGTACGCT GC AG 
GTCGACG-3' and 5'-
T C AAAT GC AGT CC AT ATTTTT G AATT CTT CAT CC AT CG AAAAATCG AT G AATT CG 
AGCTC-3' were used to amplify the KanMX4 gene from plasmid pFA6a-kanMX4 18 and 
knock out the whole open reading frame of SIR3. SIR4 deletion strain was a gift from Rolf 
Stemglanz at SUNY, Stony Brook. SIR deletion strains, derivatives of yPH499, were made 
using one-step PCR knockout method (Peter Fuerst, unpublished). 
Tethering integration assays 
The tethering assays were carried in yeast strain yPH499 (MATa, GAL4+, trplA63, ura3-52, 
leu2Al, his3A200, lys2-801, ade2-101) or its derivatives. All strains carry the Ty5 donor 
plasmid, pDR14, which has a Ty5 element under transcriptional control of the GAL1-10 
promoter and a his3AI selectable marker gene (Xiang Gao, unpublished). All strains 
expressing LqxA-SIR4 fusion proteins from plasmids are derived from pBTMl 16 15. All 
strains have one of the target plasmids, which have one to four copies of the double LexA 
operator. Yeast cells were grown as patches on media lacking tryptophan, leucine and uracil 
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(SC-T-L-U) and incubated at 30°C for two days. The cells were then stamped onto media 
lacking tryptophan, leucine and uracil and supplemented with 2% galactose (SC-T-L-U+Gal) 
and incubated at room temperature for two days. The cells were then stamped onto media 
lacking tryptophan, leucine, uracil and histidine (SC-T-L-U-H) and incubated at 30°C for 
three days. The cells were then scraped from the plates and washed twice with water. Total 
DNA was prepared by the glassbead disruption method. The DNA was used to transform 
competent E. coli cells, eDW335, which carry a mutation in hisB (David Wright, 
unpublished). The transformed E. coli cells were incubated in SOC at 37°C for three hours 
and the collected and washed with water twice to remove the residual histidine in the media. 
One tenth of the cells were plated on media with 20 p.g/^1 Chloramphenicol (LB + 
Chloramphenicol) and incubated at 37°C for one day before counting the colony number. 
Nine tenth of the cells were plated on minimal media lacking histidine, as well as with 20 
gg/p.1 Chloramphenicol (M9 + Chloramphenicol) and incubated at 37°C for two to three 
days. 
Two-hybrid assays 
The assays were carried out in L40 or its derivative strains 12. All the strains expressed a 
LexA-SIR4 fusion and a GAD-integrase fusion. A medium sized colony was inoculated in 2 
ml media lacking tryptophan and leucine (SC-T-L) and grown at 30°C for 24 hours. The 
yeast cells were spotted (ten-fold serial dilutions) on media lacking tryptophan, leucine and 
histidine, as well as containing the indicated concentration of 3-AT (SC-T-L-H+1 mM 3-AT, 
SC-T-L-H+2 mM 3-AT, and SC-T-L+5 mM 3-AT). The cells were also spotted on media 
lacking tryptophan and leucine (SC-T-L) as controls. Plates were incubated at 30°C for three 
to four days before they were scanned to record their growth. 
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Figure Legends 
Figure 1. Mapping the integrase-interacting domain of Sir4p. a. SIR4 encodes a 1358-amino 
acid protein, which has multiple functional domains revealed by genetic and biochemical 
studies. A genetic screen for genes that increase the life span of uth4-14 strains identified a 
C-terminal truncated allele of SIR4, sir4-42 1. Two-hybrid analyses narrowed down the Sir4p 
dimerization domain to amino acid 1262 to 1358 19 and showed that the Sir4p C-terminus 
binds to the middle region of Sir3p, the C-terminus one-third of Raplp 20, and yKu70p 21. In 
vitro binding studies demonstrated that the Sir4p N-terminus binds to Sir2p and the Sir3p C-
terminus and that the Sir4p C-terminus binds to Sir2p 22. In vitro binding studies also showed 
that Sir4p binds to the N-termini of histones H3 and H4 23 and that the N-terminus of Sir4p is 
sufficient for binding to H3, H4, Sirlp 24 and Si£2p 25. Genetic analyses identified the 
partitioning and anchoring domain of Sir4p (PAJD4) 26. b c, and d. LexA-SIR4 fusion 
proteins were tested in two-hybrid assays for their ability to interact with an integrase-Gal4p 
activation domain fusion (GAD-INC). The strength of interaction was assayed by the 
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expression of HIS3 reporter genes under the control of upstream LexA operators. The 
expression was measured b y cell growth on media lacking tryptophan, leucine and histidine 
(SC-T-L-H) in the presence of the inhibitor 3-amino 1,2,4-triazoI (3-AT) (1 mM and 5 mM). 
To serve as a control, the same number of cells were grown on media lacking tryptophan and 
leucine (SC-T-L). The LexjA-SIR4 (aa951-1358) was used as a positive control, since it has 
been shown to interact withi integrase in our previous study 10. b. LexA-SIR4 (aa951-1237) 
and LexA-SIR4 (aa951-125 1) interact with integrase at reduced levels. LexA-SIR4 (aa951-
1275) interacts with integrate almost as strongly as LexA-SIR4 (aa951-1358). c. LexA-57/?¥ 
(aa982-1358), which differs from LexA-SIR4 (aa951-1358) by only 30 amino acids, lost the 
ability to interact with integrase. LexA-SIR4 (aa961-1358) and LexA-57J?4 (aa971-1358) 
interact with integrase, wheneas LexA-SIR4 (aa976-1358) does not. This observation 
indicated that the critical region for interaction spans the five amino acids 971 to 975. d. 
Substitutions with alanine ait tryptophan 974 (W974A) and arginine 975 (R974A) disrupted 
the two-hybrid interaction vwith integrase, whereas substitution at lysine 971 (not shown), 
serine 972 (S972A), and serine 973 (S973 A) did not. 
Figure 2. The Ty5 targeting; domain is required and sufficient for the interaction with Sir4p. 
The same assays as described in Figure 1 were used to measure the two-hybrid interaction 
between LexA-SIR4 (aa951-I358) and various GAD-integrase fusion proteins, a. The GAD-
INC fusions with mutations located within the targeting domain lost their ability to interact 
with Sir4p. b. The Ty5 targeting domain expressed as a GAD fusion (GAD-TD) interacts 
with Sir4p, although at reduced level compared to the C-terminus of integrase. The mutated 
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targeting domain (GAD-td, S1094L), that disrupts the target specificity, abolishes the 
interaction. 
Figure 3. a. A tethered integration assay. The yeast cells used in the assay carry three 
plasmids, one is the Ty5 donor plasmid, one expresses LexA-SIR4 fusions, and one is the 
target plasmid. The target plasmid has zero, one, two, three, or four copies of the 
overlapping, double LexA operator found upstream of the colicin El gene I3,14. The LexA 
operators are flanked by sequences from Arabidopsis, which serve as buffers for Ty5 
insertion. The target plasmids carry a chloramphenicol resistance gene, which enables us to 
distinguish them from other plasmids when recovered in E. coli. Ty5 transposition was 
induced as described in our previous paper 6. The transposition events were selected by 
growing the induced cells on media lacking histidine, because reverse transcription 
reconstitutes a functional HIS3 gene from the non-functional his3AI engineered into the 
donor Ty5. Ty5 cDNA can integrate to target plasmids, chromosomes, or other plasmids. The 
His+ cells were collected and total DNA was prepared. The DNA was used to transform 
competent E. coli cells with a mutated hisB gene, which can be complemented by HIS3 gene 
from Saccharomyces cerevisiae. After transformation, the E. coli cells were selected for 
chloramphenicol resistance (Chi1) to determine the number of target plasmids, and were 
selected for both chloramphenicol resistance and histidine prototrophy (ChlrHis+) to 
determine the number of target plasmids with Ty5 insertions. The ratio of ChlrHis+ to ChT 
was used to measure the efficiency of integration to the target plasmids. b. Ty5 integrated 
into the target plasmids with LexA-SIR4 (aa951-1358) fusion proteins tethered to the DNA 
through LexA operators. Efficiency of targeted integration was correlated with the number of 
94 
LexA operators, c. Several Ty5 insertions within the target plasmids were characterized. Ty5 
integrated very close to the LexA operator sequence. The distances of the integration from 
the LexA operator sequence range from 10 base pairs to 90 base pairs. The orientation of the 
four LexA operators is shown. Ty5 insertions seem to prefer one side of the LexA operator 
arrays. 
Figure 4. Tethered integration requires the interaction between integrase and the Sir4p C-
terminus. When tethered to the plasmids, LexA-SIR4 (aa951-1358) and LexA-SIR4 (aa971-
1358) create target sites for Ty5, whereas LexA-SIR4 (aa982-1358) does not. LexA-SIR4 
(aa971-1358) with an R975A mutation, however, created target sites for Ty5 integration as 
efficiently as LexA-SIR4 (aa971-1358). We performed the tethered integration assay on one 
of the targeting domain mutants (S1094L), Ty5-M3. The percentage of the target plasmids 
with Ty5-M3 insertion was significantly lower than wild type Ty5. 
Figure 5. The Sir proteins are not required for the interaction between Sir4p and integrase. 
a. No differences observed for the two-hybrid interaction between LexA-57J?4aa 951-1358 
and GAD-INC in any of the SIR deletion strains, b. The Sir proteins are not required for 
tethered integration. The percentages of target plasmids with Ty5 integration in the SIR 
deletion strains are not significantly different from the wild type strains. 
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CHAPTER IV. GENERAL CONCLUSIONS 
The nonrandom distribution of retrotransposons and retroviruses in their host 
genomes suggests that they actively select integration sites. This target specificity is 
particularly strong for retrotransposons, which rely on their host to persist. Retrotransposons, 
therefore, may use targeting to avoid disrupting important host sequences. The 
Saccharomyces retrotransposon Ty5 preferentially integrates into domains of silent 
chromatin at telomeres and silent mating-type loci. 
The effect of Sir proteins on Ty5 cDNA integration and recombination 
Ty5 integration frequencies were modestly lower in the SIR deletion strains than in 
wild type strains, whereas the frequencies of homologous cDNA recombination were higher. 
The derepression of the silent mating loci is the primary contributor to the high efficiency of 
recombination and the loss of Sirlp, Sir2p or Sir3p only modestly contribute to the increase 
in the percentage of recombination. The high-efficiency recombination phenotype was most 
pronounced for Asir4 strains, which exhibited a very high percentage of plasmid 
recombination (91% vs. 38% in wild type) and a very low percentage of chromosomal 
integration (3.3% vs. 58.9% in wild type). These appear to be the result of a synergistic effect 
caused by derepression of the silent mating type loci and the loss of Sir4p. The deletion of 
RAD52 did not significantly affect integration frequency in wild type strains. However, 
integration in AsirArad52 double mutants was reduced relative to the individual Asir strains 
and the Arad52 single mutant, suggesting that recombination with the native Ty5 sequences 
may occur at appreciable levels in Asir backgrounds. Alternatively, there could be a 
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synergistic transposition defect caused by loss of the SIR and RAD52 gene products; this 
remains to be tested. 
Sir3p and Sir4p are important for Ty5 targeting to the silent chromatin 
We have previously shown that silent chromatin is required for Ty5 target specificity, 
however, no specific silent chromatin component was identified. Here I demonstrated that 
deletion of either SIR3 or SIR4 resulted in a greater than nine-fold decrease in integration at 
the HM loci. When integration patterns were characterized at the chromosomal level, only 
1/10 Asir3 insertions and 1/9 Asir4 insertions were targeted to silent chromatin. These 
contrast with approximately 90% targeting observed in wild type strains. Asir2 strains had an 
intermediary effect in targeting; HM targeting was decreased four-fold and 4/10 
chromosomal insertions were targeted. Sir2p is required for transcriptional silencing at 
telomeres and HM loci. The observation that targeting is partially functional in Asir2 strains 
indicates that transcriptional silencing and Ty5 target specificity are genetically separable. 
Based on our targeted integration model, SirSp and/or Sir4p, or factors closely associated 
with these proteins, are considered the prime candidates that interact with the integration 
complex to direct targeted integration. 
Ty5 target specificity changes with the relocalization of Sir protein complex 
Immunofluorescence studies have demonstrated that Sir3p and Sir4p move from the 
telomeres to the rDNA (nucleolus) as yeast cells age. Like in old cells, Sir3p and Sir4p are 
constitutively located within the nucleolus in strains carrying the sir4-42 allele. I 
demonstrated that Ty5 target specificity is dramatically altered in sir4-42 strains. Only 3% 
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of Ty5 integration events occur within the rDNA in wild type strains, and this increases to 
26% in sir4-42 strains. Not only does Ty5 follow the movement of the Sir complex, but also 
the distinct pattern of integration events within the rDNA suggests how this chromatin is 
organized. Ty5 insertions predominantly occur at two locations within the rDNA — one near 
the 5S rRNA gene and the other near the junction of the 5.8S and 25S genes. These regions 
are roughly coincident with binding sites for three proteins or protein complexes that 
assemble at the subtelomeric X repeats and the HM silencers, ORG, Abflp, and Raplp. 
Although I cannot exclude a role for other rDNA-associated proteins, the distribution of Ty5 
insertions suggests that the same c/j-acting sequences responsible for the assembly of the Sir 
complex at the telomeres and mating loci may also nucleate the assembly of the Sir complex 
at the rDNA. Chemical cross-linking of Sir2p to the rDNA has previously shown that it is 
preferentially localized in the vicinity of the 5S gene, supporting a non-random distribution 
of silencing factors within the rDNA. 
The Ty5 targeting domain interacts with Sir4p C-terminus in two-hybrid assays 
Based on the evidence that silent chromatin and Sir proteins are important for Ty5 
target specificity, I tested the interaction between integrase and Sir proteins using two-hybrid 
assays. This work was done in collaboration with Rolf Stemglanz (SUNY, Stony Brook). I 
detected an interaction between the integrase C-terminus (amino acids 889-1394) and the 
Sir4p C-terminus (amino acids 950-1358). The interaction was greatly reduced when the 
targeting domain had mutations that abolish target specificity. I further demonstrated that the 
targeting domain by itself is sufficient for the interaction although it occurs at reduced levels 
compared to the integrase C-terminus. The Sir4p interaction domain was narrowed down to 
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amino acids 971 to 1237 through serial deletions. Two amino acid residues, tryptophan 974 
and arginine 975, were identified as critical for the interaction. 
Tethering the Sir4p C-terminus to DNA creates a Ty5 integration hotspot 
To test whether the interaction between integrase and Sir4p is the driving force for 
Ty5 target specificity, I developed a tethered integration system to measure integration to a 
target plasmid. LexA-SIR4 C-terminus was tethered to the target plasmids through LexA 
operators. The efficiencies of Ty5 transposition to the target plasmids correlated with the 
copy number of LexA operators; for example 0.07% of the target plasmids with one copy of 
the LexA operator had insertions and 11% of the target plasmids with four copies had 
insertions. All the Ty5 insertions on the target plasmids were bona fide integration events and 
had target site duplications flanking the Ty5 elements. In contrast to the integration at the 
HM loci and telomeres, which occurs within an approximately 3 kb window, all the 
insertions to the target plasmids were within 200 base pairs of the LexA operators. Tethering 
the Sir4p C-terminus not only created an integration hotspot, but it also focused the target 
specificity. Furthermore, mutations in the Ty5 targeting domain that disrupt two-hybrid 
interactions with Sir4p also abrogated the tethered integration to the target plasmids. Sir4p 
fragments that do not interact with Ty5 integrase failed to tether Ty5 integration to the target 
plasmids. Collectively, my studies suggested that the interaction between integrase and the 
host factor, silent information regulator four (Sir4p), is the driving force behind Ty5 target 
specificity. 
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Significance of research on Ty5 targeting 
Ty5 offers two primary advantages over Tyl and Ty3 or other retroelements for 
studying targeting mechanisms. First, Ty5 has a limited number of targets — there are 32 
telomeres and two silent mating loci in contrast to the 274 tRNA genes that form the majority 
of Tyl and Ty3 targets. Integration at a single Ty5 target accounts for ~3% of the total 
transposition events. It is therefore possible to monitor integration at a specific locus and to 
evaluate perturbations in targeting in different genetic backgrounds. A second advantage is 
the wealth of information that has accumulated about its targets. Silent chromatin has been 
the focus of extensive efforts to evaluate its role in transcriptional silencing, telomere 
structure and senescence. Numerous genetic and biochemical resources have been assembled 
by other investigators. The study of Ty5 target specificity should provide insight into the 
underlying biological mechanism of integration site choice. My findings that target 
specificity can be modified make it possible to do site-specific genome manipulation and to 
develop better gene therapy vectors, whose integration sites can be controlled. 
